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PREFACE 


In presenting a foreword to this volume, the authors have 
little to add to the statements made in the preface of the 
First Course. They have tried faithfully to fulfill in content 
and in spirit the plan there outlined. 

Of the First Course, the chapters on Modern Systems of 
Power Transmission, Single-phase Alternators, Polyphase 
Alternators, The Generation of Proper E.M.F. Wave-form, 
and Armature Windings were written by Mr. Iligbie. The 
chapters on Fundamental Ideas, Series and Parallel Cir- 
cuits, Power and Power-Factor, Inductive Reactance, and 
Simple Trigonometric Functions were written by Mr. Timbie. 
The Introduction to Chapter II ’was kindly contributed by 
Mr. A. L. Williston. 

Of the Second Course, the chapters on The Regulation * 
and Control of Alternators, Parallel Operation of Alter- 
nators, Fundamental Principles of the Transformer, Oper- 
ation and Polyphase Connections of Transformers, and 
Asynchronous Motors were written by Mr. Higbie. The 
chapters on Short Transmission and Distribution Lines, 
Long Transmission Lines and Capacitance, Synchronous 
Motors, Converters and Rectifiers were written by Mr. 
Timbie. The authors, however, have cooperated in the 
criticism, correction and elaboration of all parts of the text. 

They again wish to express their appreciation to Mr. J. M. 
Jameson for his efficient editing and to Mr. Bates for his 
valuable suggestions on the text and for the solution of the 
problems and the checking of the data and the examples. 

W. H. T. 

H. H. H. 

Boston, Mass., 

Ann Arbor, Mich., 

January , 1916. 
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H^flPflBafions to Industry 

SECOND COURSE 

CHAPTER I 

PERFORMANCE OF ALTERNATING-CURRENT GENER- 
ATORS. REGULATION AND CONTROL. 

The armature windings of alternators have been taken up 
in detail in the “ First Course ” as a practical means of 
studying the current and voltage relations in polyphase cir- 
cuits. It is now necessary to note the performance of the 
alternator as a whole when in service. 

The purchaser and the operator of an alternating-current 
generator are concerned about the following features: 

First. How does the generator behave when it delivers 
power? 

Second. How much power can a given generator deliver 
without endangering its own safety; or, how large a 
generator is required to carry a given load? 

Third. How does the generator interact with other parts 
of the system to which it must be connected? 

These actions or properties arc more or less interdependent, 
and it is impossible to discuss any one of them without in- 
volving all. The discussions in the two following chapters 
are prepared for the man who is responsible for the mainte- 
nance of good service in the electric plant or system and for 
the man who pays the bills and seeks the profit, rather than 
for the designer. 


1 



2 ALTERNATING-CURRENT ELECTRICITY 

1. Effects of Loading an Alternator. As we increase the 
current taken from an alternator, by increasing the load 
which is connected across its terminals, we notice the follow- 
ing effects: 

First. The armature windings heat up, and there is in 
consequence a general temperature rise all over the 
machine. 

Second. The efficiency changes, at first rising as the 
load increases, but falling off again for very large 
loads. 

Third. The terminal voltage tends to fall; to keep 
it constant requires adjustment, either manually 
by an operator, or automatically by a “voltage 
regulator.” 

Fourth. The form of the e.m.f. wave may change. 

These effects have been stated in the usual order of their 
importance. All of them are troublesome or undesirable 
in one way or another. If any one of them were to proceed 
far enough it might set a limit to the amount of power that 
could be taken from the alternator, although usually the 
heating limit is reached first. 

2. Heating of the Alternator. All of the losses in an 
electrical machine appear as heat, in one part or another. 
These losses are: 

First. I 2 R in the armature winding. 

Second. I 2 R in the field winding. 

Third. Hysteresis and eddy-current losses (“ iron 
losses”) in the armature core. 

Fourth. Friction, of the shaft in the bearings, of brushes 
on collecting-rings, and of all moving parts against 
air. 

Fifth. Eddy-current loss in the faces of the poles. 

When heat energy is developed in or applied to any body, the 
temperature of the body is raised.* The body tends to lose 

* This statement does not apply to bodies which are in process of 
changing from solid to liquid, or liquid to gas, or vice versa. 
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heat energy to its surroundings in proportion to the excess 
of its own temperature above the temperature of the sur- 
roundings. The temperature of the body will, therefore, 
rise until the rate of losing heat is equal to the rate of de- 
veloping or supplying heat in the body. When this state of 
equilibrium is attained, the temperature ceases to rise and 
is steady. It is as if wc were pumping water into a tank with 
a hole in its base; the level will rise until the pressure or 
“head” due to it forces water out through the hole as fast as 
it is being pumped in. Then the level becomes stationary. 
The head, or pressure, is a measure of the outflow of water 
and corresponds to the excess of temperature of a body above 
its surroundings. 

If we keep the size of outlet from the tank fixed, and increase the 
rate of pumping, the head increases. If we keep the rate of pumping 
fixed and reduce the outlet, the head also increases. Similarly, if 
we increase the rate of heat development in a machine by operating 
it in a manner to increase any of its losses, leaving the surroundings 
unchanged, the temperature rises; and conversely, if the losses be 
decreased, the temperature falls. Also, if we do anything which 
facilitates the escape of heat, the temperature corresponding to any 
given rate of loss will be lowered, and if we retard the escape of 
heat, the temperature will be raised. 

Temperature has a very profound and serious effect upon most 
materials which arc suitable to be used as insulators in an electrical 
machine. Such materials are paper or sheet fiber, and fabrics of 
cotton, linen or silk. These are impregnated with shellacs or 
varnishes made of natural-oil resins or gums, such as are used in 
insulating paints and compounds. At comparatively low tem- 
peratures the resins and gums become partial conductors and allow 
leakage currents to flow within the machine from one conductor to 
another. This develops more heat, which very quickly ruins the 
windings and makes a short-circuit. The papers and fabrics at 
high temperatures quickly become charred and crumble, allowing 
the conductors to come in contact with one another and with the 
frame of the machine. The highest permissible temperature to 
which ordinary insulations may be subjected continuously is about 
90° to 100° C. Below this temperature, the insulation is not per- 
manent, but deteriorates very slowly, breaking down in perhaps 
twenty to fifty years. Above this temperature, the rate of deteriora- 
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tion increases very rapidly; on short-circuit, it might be completely 
ruined in a few seconds. 

* The time required by the generator to reach this maximum 
allowable temperature depends upon many conditions. If the 
machine is heavy and contains a great quantity of material, its 
heat-storage capacity is large, and it may take 12 hours continuous 
operation at full load to reach a steady temperature. If it is a small 
high-speed machine for the same capacity and having approxi- 
mately equal losses, it may reach a steady temperature in 6 hours. 
This time depends also upon the ratio between power losses and 
radiating surface. 

In most modern machines a great increase of output is obtained 
from a given size and weight by using fans or vanes to force air 
currents through “ ventilating ducts ” in the machine. The amount 
of losses or heat that can be carried away from each square inch of 
surface without exceeding the highest permissible temperature, is 
thus increased enormously. If anything should happen to restrict 
the quantity of air blown through this machine, such as a stoppage 
of the fans, the temperature would rise very rapidly, probably 
beyond the allowable limit in a few minutes. In some locations, 
dirt in the atmosphere sticks to the ventilating passages and con- 
tracts them so that the machine must be dismantled and cleaned 
periodically, notwithstanding the facts that the air velocities in the 
passages are cyclonic and that the air is often cleansed before 
being taken to the machine. 

Variations of the output of a machine also have an im- 
portant effect upon both the rate and ultimate amount of 
its temperature rise. The average power output depends 
directly upon the average value of the effective current; but 
the average rate of heating depends upon the average square 
of the effective current ( I 2 R ). If the power or amperes out- 
put varies, we shall find that the average value of ( I 2 R ) is 
greater than the value of (Average I) 2 X R. This means, 
that if the temperature of a generator or other machine de- 
pends upon the average rate of heating, or upon the average 
losses, the temperature will be higher on a fluctuating load than 
on an equivalent steady load. 

However, if the variations of load are very slow, and particularly 
if the high loads are persistent, the danger of overheating may not 
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be determined by the average watts lost, but by the watts lost at 
the high loads. Thus, it is frequently specified or guaranteed that 
a generator shall bo able to carry rated full-load continuously, 
25 per cent overload for two hours, 50 per cent overload for one 
minute, and 100 per cent overload momentarily, all without danger 
to its insulation. Evidently the temperature rises at a much 
greater rate than the load. 

The operating temperature of the generator depends also upon 
the temperature of its surroundings and upon the temperature of 
the air supplied to it for ventilation. The load determines the 
power losses, and these determine the temperature difference 
between the machine and its surroundings. But the danger to the 
insulation depends upon the actual maximum temperature of the 
insulation. If the operating room in general, and the ventilating 
air in particular, has a high temperature, this will reduce the per- 
missible margin of the temperature rise, which limits the rate of 
heat loss, and therefore the load. If the air temperature is low, the 
generator may carry a larger load with safety. Sometimes, par- 
ticularly in small plants, the capacity of the generators is reduced, 
or their depreciation at rated full load is increased, by locating 
them in a hot or poorly- ventilated room. Heating is a condition 
which aggravates itself, because a rise in temperature of the windings 
increases their resistance, so that the same current produces a 
greater PR loss, and this tends to increase the temperature still 
further. 


This matter of heating is too important to be left to the 
varying judgment of individuals, and therefore definite rules 
as to the amount of temperature rise permissible, and the 
conditions under which it should be measured, have been 
agreed upon by electrical engineers and manufacturers of 
electrical machinery. These are to be found among the 
“ Standardization Rules” of the American Institute of 
Electrical Engineers, which specify the minimum require- 
ments of good practice in the operating and testing of electri- 
cal machinery. The rules cover in detail many points other 
than the heating and rating of machines, and are too exten- 
sive to be reviewed here. They may be found in any elec- 
trical handbook, and should be referred to whenever the 
rating or performance of any electrical machine is in question. 
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Example 1. The Standardization Rules state that the tempera- 
ture of the field and armature should not be permitted to rise more 
than 55° C. above a room temperature of 40° C. The armature 
temperature of a certain generator rises 70° C. when delivering a 
steady load of 200 kv-a. What is the greatest load in kilovolt- 
amperes which this generator should be permitted to carry con- 
tinuously at this voltage? 

Note, (a) The rate of heat loss is approximately proportional 
to the difference between machine temperature and room tempera- 
ture. 

(6) It is safe to assume that half the heat loss with a 55° rise in 
temperature is due to hysteresis and eddy currents in the machine 
and is constant at all loads. The other half is due to the I 2 R loss 
in the copper and is thus proportional to the square of the current. 
Applying (a), 

lo ss w ith 5 5° rise _ 55 11 

loss with 70° rise 70 ° r 14 

Applying (b), 

let I = current with 55° rise, 

7 1 = current with 70° rise. 

Loss with 55° rise = iron loss + 7V loss. 

But 

iron loss = 7 2 r loss. 

Thus loss with 55° rise — 2 I 2 r loss. 

Loss with 70° rise * iron loss 4- 7i 2 r loss 
= Vr loss + 7iV loss. 

Thus 

loss with 55° rise __ 2 (7 2 r loss) _ 11 

loss with 70° rise (ZV loss) + (/i *r loss) 14* 

or 28 (7 2 r loss) = 11 (7V loss) + 11 (7iV loss) 

17 (7 2 r loss) = 11 (I {hr loss). 

Thus 

7V loss __ 1 1 
I^r loss 17 

That is, the heat loss due to the current in the armature windings 
must be reduced so that it is only of its present value, if the 
temperature is not to rise more than 55°. 

This heat loss is proportional to the square of the current, thus 

I 2 r loss I 2 11 
J, 2 r loss ~ 7i 2 ~ 17 ’ 
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But the kilovolt-amperes delivered by the generator at a given 
voltage is proportional to the current in armature windings. Thus 
kv-a. (with 55° rise) I ./Tl 8 
200 (with 70° rise) ~ h ~ V 17 ~ 10* 

Tliercforc the output of the generator which will cause a 65° rise 
only is of the output which causes a 70° rise, or VV of 200 — 160 
kv-a. 

The generator could thus be run as a 160-kv-a. machine and not 
overheat. 

Prob. 1-1. When operated continuously at the full-load rating 
on the name plate, the armature of a certain generator attains a con- 
stant temperature of 40° C. above the room temperature. On the 
basis of the assumptions of Example 1, calculate: 

(а) By what percentage the total heat losses in the armature 
may safely exceed those at rated full load. 

(б) By what percentage the current output may safely exceed 
the rated full-load current? 

Prob. 2-1. Fig. 1 shows the variations of current input to a 
motor driving an automatically-controlled planer, during a little 
more than one cycle of operation. Calculate: 

(a) The numerical average value of the current, regardless of 
direction. 

( b ) The effective value of the current. 

(c) The ratio between the Pit loss in the motor during one 
cycle due to the actual current as shown by Fig. 365, and the PR 
loss that would occur during the same time if the current were 
steady at the numerical average value. 

Prob. 8-1. Fig. 2 shows approximately the variation of cur- 
rent supplied to an 8(X)-horse-power 2200-volt 225-r.p.m. three- 
phase induction motor, during one complete cycle of operation of a 
water-hoist to which it is geared, in a mine. Calculate: 

(а) Average value of P. 

(б) Square of average value of /. 

(c) Percentage by which actual watts PR loss during one cycle 
of operation is greater or less than the PR loss would be if the 
motor were to take an equivalent constant current. 

Prob. 4-1. The rotating-field coils of a certain alternator rise 
45° C. above the room temperature of 25° C., when carrying such 
current that full rated voltage is obtained from armature terminals 
at zero load, rated frequency. The field current of this alternator 
must be increased 15 per cent to deliver the same (rated) voltage 
across armature terminals at full load, same frequency. Under 
ordinary conditions, the excess of machine temperature above room- 
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temperature is directly proportional to the heat losses in the 
machine. What will be the temperature rise, and the actual tem- 
perature, of the field coils when the alternator operates steadily 
at full load? (For an approximate solution, the increase in resist- 
ance of the field coils due to temperature may be neglected.) 

iUVU 

900 
000 
700 
coo 

500 
.400 
300 
200 
100 
o 

Fin. 2. Curve of current taken by an 800-h.p., 2200-volt, 225-r.p.m. 
three-phase induction motor, geared direct to a mine water-hoist, 
having a capacity of 250,000 gal. per hr. The curve shows one hoist- 
ing cycle. General Electric Co. 

3. Advantages of High Efficiency. Efficiency expressed 
exactly, as a number, is the ratio between the output of 
and the input to a given machine or process. Thus: 
Instantaneous efficiency = 

real power output in w atts, kw. or h.p. 
real power input, in same units at same instant 
All-day efficiency = 

e nergy output during one day in kw.-hours or h.p-hours 
energy input during same day, in same units. 
Efficiency may be calculated in any one of several ways, 
depending upon the form in which it is convenient or neces- 
sary to obtain the data. Thus: 


| 

tl 
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Efficiency = 

output output input— total losses 

input output + total losses ~ input 

It is not within the scope of this book to explain methods 
for measuring the quantities which must be known in order 
to calculate the efficiency. But we are concerned in finding 
what conditions promote the highest efficiency of the alter- 
nator, and what it costs us to permit a lower efficiency than 
might be. A higher efficiency means: 

1. Less cost of input to produce a given output, or more 
of valuable output from a given expenditure for input. 

2. Larger and more costly engines required to deliver 
a given amount of electric power. More fixed charges 
and more space required. 

Prob. 6-1. When the total losses of a machine are 10 per cent 
of its output, what is its efficiency? 

Prob. 6-1. When the total losses of a machine arc 10 per cent 
of its input, what is its efficiency? 

Prob. 7-1. An alternator is delivering 250 kv-a. at 85 per cent 
power-factor, and its efficiency at this load is 92 per cent. How 
many horse-power must the direct-connected engine deliver at the 
shaft, to drive this alternator? 

4 . Relation of Efficiency to Load on Alternator. The 

efficiency is lowered by any condition which increases the 
ratio of losses to output. The losses in an alternator are 
listed in Art. 2. The power output is directly proportional 
to the amperes output from the terminals, to the volts 
between terminals, and to the power-factor of the receiving 
circuit, or the phase difference between the current and 
pressure at the terminals. 

Suppose we increase the amperes output while the terminal 
volts and power-factor remain constant. The watts output 
will increase in direct proportion to the amj>eres output, 
under those conditions. But the PR loss in the armature 
will increase in proportion to the square of the current. No 
other loss is affected appreciably by the change, except the 
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I 2 R loss in the field. The voltage tends to fall when the 
armature current increases, and to keep the terminal voltage 
constant requires an increase in field current. This increases 
the field I 2 R loss, though not nearly in proportion to the arm- 
ature I 2 R loss. Whether the ratio of the total losses to the 
output will be increased or diminished depends upon whether 
the losses which vary with the load are greater or less than the 
losses which do not vary with the load. If the fixed losses 
are greater than the variable losses, an increase of output 
will raise the efficiency. But as soon as the variable ..losses 
become greater than the fixed losses, a further increase of out- 
put will lower the efficiency. For illustration, Table I gives 
results of a test for losses and efficiency on a fairly large 
alternator; it is taken from an article on “Shop Testing of 
Alternating-Current Generators and Synchronous Motors 9 ' 
in “The Electric Journal,” December, 1913. 


Tablk I 


Load, per cent of 
rated 

0.0 

25.0 

50.0 

75.0 

100.0 

125.0 

Line amperes per 
terminal 

0.0 

49.0 

98.0 

147.0 

196.0 

215.0 

Field amperes 

77.0 

81.5 

86.5 

94.0 

101.5 

112.0 

Terminal volts 

6300.0 

6300.0 

6300.0 

6300.0 

6300.0 

6300.0 

Core loss, in kw. . . . 

39.4 

39.5 

39.6 

39.7 

39.8 

39.9 

Field copper loss, 
kw 

4.6S 

5.24 

5.92 

6.98 

8.13 

9.92 

Armature copper 
loss, kw 

0.0 

0.42 

1.68 

3.78 

6.72 

10.51 

Friction and wind- 
age, kw 

30.25 

30.25 

30.25 

30.25 

30.25 

30.25 

Total losses, kw. . . . 
Kv-a. output 

74.33 

75.41 

77.45 

80.71 

84.90 

90.58 

0.0 

534.0 

1071.0 

1604.0 

2140.0 

2672.0 

Real kw. output . . . 
Real kw. input 

0.0 

427.0 

857.0 

1283.0 

1712.0 

2137.0 

74.33 

502.4 

934.4 

1363.7 

1796.9 

2227.6 

Efficiency, per cent 

0.0 

85.0 

91.7 

94.1 

95.3 

95.9 


At all loads covered by Tabic I, the sum of fixed losses (consisting 
of friction, windage and core loss) is larger than the sum of variable 
losses (field copper loss and armature copper loss), and the efficiency 
is continually increasing as the output increases. It is apparent. 
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however, that the efficiency is approaching a maximum value, as 
the variable losses become more nearly equal to the constant 
losses. 

By drawing from the above data a curve with field copper loss 
and per cent load as coordinates, and extending this curve as far as 
260 per cent of rated load, we may arrive at the following approxi- 
mate values: 

At 200 per cent load, output — 3424 kw. ; core loss = 40.2 kw. ; 
friction and windage = 30.3 kw.; field copper loss = 20.7 
kw.; armature copper loss ** 26.9 kw. 

Efficiency — 96.6 per cent; “ constant ” losses = 70.5 kw. ; “ vari- 
able ” losses ~ 47.6 kw. 

At 220 per cent load, output — 3770 kw. ; core loss = 40.3 kw. ; 
friction and windage = 30.3 kw.; field copper loss = 26.1 
kw.; armature copper loss = 32.5 kw. 

Efficiency == 96.6 percent; “ constant M losses = 70.6 kw.; “ vari- 
able ” losses = 58.6 kw. 

At 240 per cent load, output — 4110 kw. ; core loss = 40.4 kw. ; 
friction and windage = 30.3 kw.; field copper loss = 39.3 
kw.; armature copper loss = 38.7 kw. 

Efficiency = 96.5 per cent; “ constant ” losses = 70.7 kw. ; u vari- 
able ” losses = 78.0 kw. 

At 260 per cent load, output = 4450 kw. ; core loss =* 40.5 kw. ; 
friction and windage = 30.3 kw.; field copper loss — 59.6 
kw.; armature copper loss = 45.4 kw. 

Efficiency = 96.1 per cent; “ constant ” losses = 70.8 kw. ; “ vari- 
able ” losses — 105 kw. 

These results illustrate several important facts: 

l. The efficiency reaches its maximum value at about 
that load for which the sum of the losses that vary 
with load is equal to the sum of losses that do not vaiy 
with load. This relation is in general only approxi- 
mate, but it may be proved by mathematics to hold 
exactly for any case where the total variable loss is 
proportional to the square of the output. This is true 
of the armature copper loss hut not of the field copper 
loss. Neither is the field copper loss constant. If 
the variation of field current, required to keep the 
terminal voltage constant, were not great, the field 
copper loss would be grouped with the constant losses 
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in applying this general relation for maximum effi- 
ciency, 

2 . The core losses are very nearly constant. They con- 
sist of hysteresis and eddy-current losses in arma- 
ture core and pole faces, and their amount depends 
upon the frequency (speed) and flux density in the 
cores. The frequency and terminal voltage are 
assumed to be held constant. As the load or arma- 
ture current increases, the e.m.f. induced in the arma- 
ture windings must increase slightly to overcome the 
voltage drops within these windings and keep the 
terminal voltage constant. Consequently, the flux 
(and therefore the flux density) must be increased 
slightly as the output increases, and the core loss is 
therefore greater. A part of the increase of field 
current is for the purpose of producing this increase 
of flux and induced e.m.f. 

3. The friction and windage losses are constant. These 
depend principally upon the speed, which is constant. 

4. The armature copper loss increases as the square of 
the armature current, or as the square of the kv-a. 
output if the voltage is constant, or as the square of 
the kilowatt output if the voltage and power-factor 
are both constant. 

5. The field copper loss increases with the output. In 
this particular case it increases quite rapidly; in other 
cases it may be almost constant and independent 
of the load. To keep the terminal voltage constant, 
as is usually required, some increase of field current 
is necessary for reasons cited in (2). If the iron is 
already nearly saturated with flux, a large increase in 
field current is necessary to produce a small increase 
in flux. Alternators are usually designed so that their 
cores are not nearly saturated at rated full load; but 
if they are operated at great overloads or much above 
rated voltage, saturation may be approached. 
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The load on this particular alternator has a power- 
factor of 0.80, and therefore the armature current has 
a considerable reactive component. It will be shown 
presently that current lagging 90° behind the induced 
e.m.f. in an alternator exercises a magnetic effect 
(“armature reaction”) which directly opposes that 
of the field winding and tends to reduce the flux. 
To keep the voltage constant, therefore, a further 
increase of field current may be necessary, to neutra- 
lize the demagnetizing effect of any lagging reactive 
component of armature current that exists when the 
power-factor of the load is less than unity. 

The rate at which the field current must increase 
with the load depends, therefore, very much upon the 
power-factor of the receiving circuit. It depends also 
upon the construction of the machine. If the number 
of turns in the armature coils is large, a comparatively 
weak field winding will produce enough flux to generate 
rated voltage ; but a given amount of reactive current 
through this large number of armature turns produces 
an excessive demagnetizing effect upon the weak 
field. In such case, a large increase of field current 
is necessary to compensate the demagnetizing effect 
of the large number of armature turns. This means 
a large increase of field copper loss with increase of 
output, which affects the efficiency as already ex- 
plained. 

Prob. 8-1. Is the alternator whose performance is given in 
Table I a three-phase or a two-phase machine? Prove your answer. 

Prob. 9-1. Assuming the alternator of Table I to be three- 
phase, star-connected, calculate the effective resistance per phase 
of the winding. Repeat the calculation, assuming it to be delta- 
connected. 

Prob. 10-1. From Table I draw a set of curves, using per cent 
of rated output as abscissas, and as ordinates the following: 

(a) friction and windage loss; 

lb) friction and windage loss plus core loss; 
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(c) friction and windage loss, plus core loss, plus field copper 
loss; 

(d) total losses; 

(e) efficiency. The ordinates of the loss curves are to be plotted 
to a scale of kilowatts, and of the efficiency curves to a scale of 
percentage. Explain how these curves illustrate the points dis- 
cussed in the preceding article. 

Prob. 11-1. (a) If the alternator of Table I were to operate 

at full rated load and 100 per cent power-factor, what losses would 
be changed, and how? 

(6) What would be the approximate value of efficiency under 
this condition? 

(c) What would be the efficiency when delivering full rated load 
at 50 per cent power-factor, neglecting change of field current 
required for constant voltage? 

5. What is a Good Efficiency? High efficiency is ob- 
tained generally by increasing the first cost of the machine. 
High efficiency means small losses corresponding to a 
given output. Small copper-losses mean low resistances, and 
low resistances mean large sizes of wire which are heavy 
and cost much more. Small core-losses mean low flux 
densities, and low densities mean large core-areas to carry 
enough flux to generate the required e.m.f. at standard 
frequency. Large core-areas mean large volume and weight 
of iron in the magnetic circuit, which again increases the 
cost of the machine. Low core-loss also means high-grade 
iron or steel, with thin laminations well insulated from one 
another, and all this increases the cost still further. 

It is possible for the designer to build an alternator for 
almost any desired output with almost any desired efficiency, 
by being sufficiently liberal with quantity and quality of 
materials and skilled labor. Experience has indicated, how- 
ever, that it is not economical to build the average alternator 
of given size for an efficiency higher than a certain fairly 
definite value. We have here a distinction between efficiency 
and economy. Why is it not economical, or why does it 
not “pay,” sometimes to build machines for the highest 
possible efficiency? 
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Consider that we have a hydro-electric plant with a limited 
amount of power available (1000 kw.) and a market for all the 
energy we can generate (24 hours per day) at 1 cent per kilowatt- 
hour. Will it pay to specify a 96 per cent efficiency for the generator, 
rather than 96 per cent? If we get the higher efficiency alter- 
nator, wo shall reduce the total losses by 10 kw., or 1 per cent of 
the input, or we shall have this much more of salable output from 
the same water power. During one year this represents (24 X 
365 X 10) = 87,700 kw-hours, which, at 1 cent per kw-hour, will 
sell for $877 per year. Now, every dollar invested in the plant 
must earn or save at least 13 cents per year. This is the amount 
necessary to pay “ fixed charges ” (consisting of interest, deprecia- 
tion, taxes and insurance) on one dollar of invested capital for one 

$877 

year. Therefore, we can afford to pay — — = $6750 more for 

U.lo 

the generator having 96 per cent efficiency, than for the generator 
having 95 per cent efficiency. If the extra cost of the higher 
efficiency generator is less than this figure, we should by all means 
specify a 96 per cent efficiency (or perhaps even higher), because the 
increase in earnings will pay more than the fixed charges on the 
additional investment required, or will pay higher dividends than 
were anticipated. If, on the other hand, the extra cost of the 96 
per cent generator is more than $6750, it would be unwise (from 
the view-point of cost alone) to specify 96 per cent efficiency, and 
some lower value would be more economical. 

A wise engineer would consider future prospects, also, to some 
extent in solving this problem. If a generator were to be used in a 
water-power plant so located that there would be not even a remote 
prospect of selling all the power, that could be had from the water 
available, it would be “poor business” to pay more than necessary 
for the generator by demanding an unusually high efficiency. On 
the other hand, in locations where the cost of fuel is high and space 
for generating equipment is expensive (as in steam-electric plants 
situated in cities), even a small fraction of one per cent increase in 
efficiency has a very great value, and improvements or refinements 
which reduce the losses will pay well. It is obvious, from these 
considerations, that the efficiency should be chosen with regard for 
the demand for and value of a kilowatt-hour to the plant in question, 
and also with regard for the increase of first-cost of the alternator 
to produce a Iiigher efficiency. 

Efficiencies at rated full load measured by test on many 
alternators, large and small, are given in Tabic II, which is 
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taken from a paper by E. M. Olin, Trans. A.I.E.E., June, 
1912. Notice that in general the efficiencies are lower for 
the smaller machines. Neither the size and weight nor the 
losses of a dynamo can bo reduced in exact proportion to its 
rated output. A small machine is always heavier and more 
expensive in proportion to its capacity, and usually has a 
lower efficiency, than a larger machine, other things being 
equal (such as quality of materials, workmanship, and the 
like). 

Notice, also, from Table II, that several machines of the same 
rated output may have efficiencies that differ, although the values 
are fairly close together. This is due to the influence of conditions 
already mentioned. The alternators also differ widely in the distri- 
bution of losses at their rated full load. For instance, the ratio of 
variable losses (Wi*r) to constant losses (W p -f- Wr) varies between 

( 2.77+2.23 “ 0 064 ) f° r Alternator No. 30, and =1.4o) 

for Alternator No. 2. We have seen that the efficiency is greatest 
in any one machine when this ratio is approximately unity (1.00). 
Therefore it appears that Alternator No. 30 (8000 kw.) will reach its 
maximum efficiency when greatly overloaded, and that Alternator 
No. 2 reached its maximum efficiency at a load considerably less 
than its rated output. 

The rated full load of an alternator is usually the largest 
output which it can deliver continuously without exceeding 
a safe temperature in any part of the machine. It is within 
the power of the designer to determine whether the maximum 
efficiency of the alternator shall occur when the output is 
less than, equal to, or greater than this rated full load. By 
being generous with copper and sparing of iron, making the 
variable losses small in comparison with the fixed losses, the 
maximum efficiency is caused to happen at a heavy load. 
By being generous with iron in the magnetic circuits and 
sparing of copper in the electrical circuits, the variable losses 
are caused to be large in comparison with the fixed losses, 
and the maximum efficiency occurs at light load. The same 
statements apply to electric motors, transformers, and other 
apparatus. 
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Table II. — Efficiency Tests on A-C. Generators ’ 1 


No. 

Size 

rated kv-a. 

Fre- 

quency. 

Loss, 

Whk. 

Loss, 

Wj\ 

6oes, 

Wr . 

Total 

loss. 

Efficiency 
at full-load. 

1 

100 

60 

2.78 

1.08 

3.50 

7.36 

93.15 

2 

100 

60 

6.14 

0.82 

3.30 

10.26 

90.7 

3 

125 

60 

3.19 

3.70 

2.97 

9.86 

91.1 

4 

200 

60 

2.58 

1.72 

2.45 

6.75 

93.7 

5 

300 

25 

1.77 

0.71 

3.33 

5.81 

94.5 

6 

300 

60 

1.89 

1.90 

2.40 

6.19 

94.15 

7 

333 

60 

0.83 

1.47 

2.94 

5.24 

95.0 

8 

400 

60 

2.64 

0.61 

3.00 

6.25 

94.15 

9 

500 

25 

2.25 

0.50 

1.42 

4.17 

96.0 

10 

500 

60 

0.65 

3.66 

4.16 

8.47 

92.25 

11 

600 

60 

0.83 

1.79 

2.27 

4.89 

95.4 

12 

700 

60 

1.65 

0.94 

J .86 

4.45 

95.78 

13 

725 

60 

1.52 

0.70 

1.27 

3.49 

96.7 

14 

1 000 

60 

1.67 

1.52 

1.83 

5.02 

95.26 

15 

1 000 

60 

0.74 

4.10 

1.66 

6.50 

93.9 

16 

1 250 

60 

1 .25 

0.83 

2.65 

4.73 

95.5 

17 

l 250 

60 

1.04 

0.83 

2.59 

4.46 

95.77 

18 

1 500 

60 

0.66 

3.16 

3.16 

6.98 

93.5 

19 

2 000 

60 

1.03 

0.92 

2.10 

4.05 

96.13 

20 

2000 

60 

1.20 

1.19 

1.83 

4.22 

96.0 

21 

2 500 

60 

0.56 

2.00 

2.40 

4.96 

95.3 

22 

3 000 

60 

0.95 

2.01 

2.46 

5 42 

94.82 

23 

3 000 

60 

0.76 

1.47 

2.57 

4.80 

95.4 

24 

3 000 

25 

0.51 

3.73 

2.00 

6.24 

94.15 

25 

3 000 

60 

1.18 

1.62 

1 .70 

4.50 

95.76 

26 

3 750 

60 

1.47 

0.49 

1.46 

3.42 

96.75 

27 

4 000 

60 

0.47 

4.13 

2.53 

7.13 

93.3 

28 

5 000 

60 

0.91 

0.89 

1.98 

3.78 

96.4 

29 

6 666 

60 

0 41 

2.17 

2.55 

5.13 

95.1 

30 

8000 

60 

0.32 

2.77 

2.23 

5.32 

94.9 

31 

10 000 

60 

0.40 

2.40 

1.85 

4.65 

95.6 


• All losses expressed in per cent of output at rated full-load, non-inductive. 


W r*K *» loss due to resistance of windings, brushes, and sliding contacts, to useful 
current flowing, in field and armature; 

Wb ~* loss in friction; 

Wr ** rotation loss, not frictional, due to hysteresis anti eddy currents caused by 
rotation of iron through the magnetic field, and all /*/£ losses due to local 
or useless currents within the armature. 

Prob. 12-1. Calculate the efficiency at f , lj, and lj times 
rated full-load, for the 500 kv-a. alternator No. 9 in Table II. 
Assume that the values given in Table II correspond to rated full- 
load unity power-factor, and that one-quarter of the total full-load 
copper-loss remains constant at all loads, while the remainder of 
the copper loss varies as the square of the current output and that 
all rotational losses are constant. 
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Pirob. 13-1. For the alternator of Prob. 12-1 draw curves, 
using per cent of rated full-load kv-a. output as abscissas in all cases, 
and as ordinates the following: 

(a) Kw. lost in friction. 

(b) Kw. lost in friction + rotation losses. 

(c) Kw. lost in friction + rotation -f- copper, or total kw. loss. 

(d) Efficiency in per cent. 

Extend these curves if need be, and discuss the relation between 
the losses when the load is such that the efficiency is maximum. 

Assume friction and rotation losses constant at all loads. 

Prob. 14-1. For each alternator listed in Table II, calculate 
each loss as a percentage of the total losses, at full-load. Tabulate 
these values, showing the distribution of the losses in the various 
sizes of alternators covered by Table II. Discuss your results. 

6. Effect of Load on Voltage of Alternator. Addition 
of load usually causes the terminal voltage of an alternator 
to change. If the power-factor of the load is 100 per cent, 
the voltage falls. If the power-factor is less than 100 per 
cent and the current lags, the voltage falls much more than 
with non-inductive load. If the power-factor is less than 
100 per cent and the current leads, the voltage will fall less 
than with non-inductive load, or may even rise, depending 
upon the proportion of leading reactive component. Most 
generators are required to deliver lagging current. Leading 
loads are the exception, and are met usually in very long 
distance and very high voltage transmission systems. 

The inherent or automatic change of voltage which occurs 
when the load is reduced from rated full-load to zero load, 
while the speed and field current are kept constant, is known 
as the *' 1 voltage regulation.” It is usually expressed as a 
percentage, thus: 

Voltage regulation, in per cent = 

( zero-load voltage — full-load voltage\ v inn 
full-load voltage ' / 

An ordinary value for the voltage regulation of an alter- 
nator would be 8 per cent on non-inductive load and 24 per 
cent on a lagging inductive load having 80 per cent power- 
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factor. For the average central station load, consisting of 
lighting and power, a power-factor of 80 per cent should be 
assumed. Power-factors of 90 to 95 per cent are usually ob- 
tained only when the load is entirely incandescent lighting or 
heating. Power-factors as high as this, or even above 95 
per cent, may be obtained if a large part of the load consists 
of synchronous motors, which are adjusted to take a leading 
reactive component of current from the system. A power- 
factor of 70 per cent may be expected in a plant having a 
large proportion of induction motors, arc lighting, electric 
furnaces, or electric welding load.* An extensive set of 
measurements of power-factor on motor service circuits and 
industrial installations in Cleveland, reported by H. L. 
Wallau in the Electrical World , Nov. 22, 1913, shows maxi- 
mum and minimum values of 0.95 and 0.20 respectively, 
with an average of 0.69. The power-factor of the entire 
station load was 89 per cent by day and 92 per cent by night. 

From this data it is evident that the effect of load, and 
particularly of low power-factor, upon the voltage of alter- 
nators must be studied. In many central stations the maxi- 
mum allowable variation of voltage is considered to be 5 
per cent during the daytime and 2 per cent during the night. 
Sudden variations are much more objectionable than slow 
variations. Good inherent voltage regulation in the alter- 
nator itself must be depended upon to limit these variations 
of voltage due to very rapid fluctuations of load. Automatic 
voltage-regulators, operating to adjust the field current, are 
perfectly capable of preventing the slower variations of 
voltage. Where the load is principally motors, constancy of 
voltage is not usually as important as where the load is 
largely lighting. 

Example 2. What is the power-factor of a generator when it 
is loaded with 400 kw. at 87 per cent lagging power-factor and with 
600 kw. at 75 per cent lagging power-factor? 


See Electric Journal , 1911, page 623. 
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Draw Fig. 3 representing the 400 kw. by the line OA. 

Draw OB at an angle of 30° (87 per cent = cos 30°) and draw AB 
perpendicular to OA. 

The line OB represents the kilovolt-ampere load of which the line 
OA is the effective power and the line AB is the reactive power. 



Fig. 3. Topographic vector diagram showing the method of adding 
loads with different power-factors. 

Similarly draw BC from B parallel to OA to represent the effective 
load of 600 kw. Draw BD and DC to represent the total kv-a. load 
and the reactive load respectively. 

Draw the construction lines AE and CE. 

Total effective power = OA + BC — 100 0 kw. 

Total apparent power = OD = V DE 2 + OE 2 . 

DE = DC CE 

= 600 tan 41.5° + 400 tan 30° 

- 531 -b 231 
= 762. 

[OE = OA A- AE 
= 400 A- 600 

= 1000 

Thus OD = V762 2 4- 1000 2 

= 1260 kv-a. 

Power-factor of load = cos 0 
_1000 
1260 

= 79.7 per cent. 

Prob. 15-1. An alternator supplies three feeders, one of which 
takes 100 kw. at 80 per cent power-factor, another 200 kw. at 85 
per cent power-factor and the third 150 kw. at 95 per cent power- 
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factor, all lagging. What load, in kilowatts and in kilovolt- 
amperes, is the alternator delivering, and at what power-factor? 

Prob. 16-1. (a) If a load of 50 kw. at 90 per cent power-factor 

is suddenly added to the third feeder, by what percentage is the 
total armature current of the alternator increased, and what does 
its power-factor become? 

(6) If, at the same instant, the second feeder drops a load of 
100 kw. having 95 per cent power-factor, by what percentage is the 
armature current of the alternator greater or less than its initial 
value, and what is its power-factor? Assume terminal voltage to 
be held constant. 

Prob. 17-1. If an alternator supplies two feeders, one at a 
power-factor of 70 per cent and the other at 95 per cent, what must 
be the ratio between the power (kilowatts) taken by these two 
feeders in order that the total power-factor of the alternator may 
be 85 per cent? If the terminal voltage of the alternator is kept 
constant when the first feeder is disconnected, by what percentage 
will the power output and the rate of heating {I 2 R) in the arma- 
ture be reduced? 

7. Effects of Unsteady Voltage. Fluctuation of volt- 
age in an electric supply system is a disadvantage to both 
central station and customer, and there are no compensating 
advantages. Considering the lamps connected to the sys- 
tem, we find that when they are operated at a voltage above 
normal their life decreases very rapidly; and this shortening 
of life is particularly bad with carbon lamps and gem lamps, 
which it is the practice of central stations to renew free of 
charge. If the voltage drops below normal, the life is 
lengthened correspondingly, but the candle-power and the 
watts consumed by the lamp decrease very rapidly. This 
is unsatisfactory to the central station, because the consumer 
takes less kilowatt-hours and the income of the central 
station is correspondingly reduced. It is also unsatisfactory 
to the consumer, both because the power consumed by the 
lamps does not decrease in proportion to the candle power 
and because a flickering or unsteady light is very disagreeable 
and injurious to the eyes. 

Considering motors connected to the circuit, we find that 
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the speed of most types of alternating-current motor is not 
“much affected by changes of voltage. The speed of the 
' synchronous motor would not change at all; the speed of 
the induction motor would change slightly, and the speed 
of the series motor considerably more. However, the maxi- 
mum torque which an induction motor (commonest type of 
alternating-current motor) can develop varies approximately 
as the square of the voltage applied. This means that a given 
percentage decrease of voltage, such as is likely to result 
from bad regulation of generator and line when the motor 
is overloaded and is taking a large current at low power- 
factor, will reduce its capacity for instantaneous overloads 
by a much greater percentage. 

8. Causes of Voltage Variation in Alternator. In order 
to make the discussion more definite and simple, we shall 
consider at first a single-phase alternator, or one phase of a 
polyphase alternator. Also we shall assume that the field 
current of the alternator is held constant. All alternators 
are driven at practically constant speed by well-governed 
engines, because a variation of frequency would cause a 
proportional change of speed in all motors connected to the 
alternator, which is objectionable to the consumer. Under 
these conditions, changes of terminal voltage must be due 
to changes of flux or to voltage drops or reactions within the 
armature windings. In fact, both of these effects are pro- 
duced when current flows through the armature windings. 

The winding has some resistance, and a part of the e.m.f. 
which is generated must be used up within to overcome the 
opposition which this resistance offers to the flow of current. 

In Fig. 4, the vector E% represents the total e.m.f. induced, 
and I the current flowing, in the winding. The e.m.f. vector r/, 
opposite to /, represents the reaction against the flow of curront 
due to resistance; r is the effective resistance of the winding (per 
phase). The resultant of the generated e.m.f. (A’*) and the reaction 
(r/) is the terminal e.m.f. E t) on the supposition that there is no 
reaction except that caused by resistance. The induced e.m.f. 
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Co* 0* power factor 
of the load 


Fig. 4. The terminal e.m.f. 
Et is the resultant of the 
induced e.m.f. Ei and the 
resistance reaction (r/) in 
the armature. 


may be thought of as composed of two components, as in Fig. 5, 
the terminal voltage E t and the voltage (r/) used to overcome 

the armature resistance. The power- 
factor of the receiving circuit or load 
is equal to the cosine of the angle (0) 
of phase difference between E t and /. 
The effective resistance or alternating- 
current resistance (r) is a number 
which, multiplied by the square of 
the effective value of current flowing 
through the winding, gives a product 
equal to the total average watts lost 
or transformed into heat, in the 
armature copper. It is usually about 
15 per cent greater than the direct- 
current resistance. The difference 
between the alternating-current resist- 
ance and the direct-current resistance 
is due to eddy currents in the con- 
ductors, and to the tendency (called 
“skin effect”) of alternating-currents to flow near the surface 
of wires (particularly when the wires are 
large or the frequency is high). 

But there are other reactions besides 
that due to resistance of the armature 
winding. When current flows through 
the armature, the conductors build up 
around themselves local fluxes entirely 
independent of the main field flux which 
produces Ei. These local fluxes alternate 
with the armature current, and this alter- 
nation of flux linking with the armature 
wires induces c.m.f.’s in these wires. 

This local flux is in phase with the arma- 
ture current /, and the e.m.f. induced by 
this flux is 90° out of phase with the flux 
and lagging behind it. This e.m.f. is the 
reaction or counter-e.m.f. due to self-induc- 
tance of the armature winding, and it thus 
lags go 0 behind L In Fig. 6, we take 
account of the reactance (a?), due to self- 
inductance of the armature winding, as well as of the resistance (r). 
In this figure (xl) is the induced e.m.f. or reaction due to 



Fia. 5. The induced 
e.m.f. Ei is composed 
of two parts, Et, the 
terminal e.m.f. and 
(rl) the volts required 
to overcome the arma- 
ture resistance. 
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change in the number of interlinkages between the armature 
wires and the flux produced by armature current ; rl is the resistance 
• reaction, as in Fig. 4; zl (the vector 
sum of rl and xl) is the total reaction, 
or impedance voltage, due to resist- 
ance and inductive reactance of the 
armature winding. The resultant 
of zl and Ei is the terminal voltage E t . 

A more usual and convenient 
method which can be used for find- 
ing Ei when E t , I and cos 0 (or 
power-factor of load) are given, is 
shown in Fig. 7. This is a topo- 
graphic diagram corresponding ex- 
actly to the polar diagram of Fig. 6, 
except for the fact that it is the 
reverse process, namely, that of 
determining what total e.m.f. (Ei) 
must be induced by the main field, 
in 'order to have a given e.m.f. (E t ) 
between terminals, when a current 
of 7 amperes is delivered at a power- 
factor (cos 0). In this case, we begin by drawing E t . Then lay 

off 7, lagging behind E t by an 
angle whose cosine is the given 
power-factor. Then lay out from 
the end of E t an e.m.f. (ab) 
parallel to I and in the same 
direction, and of a length repre- 
senting (rl) volts (to the same 
scale that E t is drawn). This is 
the e.m.f. required to overcome the 
reaction due to resistance of the 
armature winding. Now, from 
Fig. 7. A topographic vector the end 6 lay out a vector (6c), 
diagram for determining the in- in direction leading 7 by 90°, and 
duced voltage Ei necessary in in value equal to (xl) where * is 

the inductive reactance (in ohms) 
of the armature winding. This 
is the e.m.f. which is required to 
overcome the reaction due to 
self-inductance of the winding. The vector sum of Et, ab 
and be is the total e.m.f. that must be induced in the 


Et is the resultant of the 
armature reactions (xl) and 
(rl) and the induced e.m.f. 



order to deliver the terminal 
voltage Et and current 7 at a 
power-factor of cos 9. 
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winding by the main field, in order to have Et volts at the 
terminals. 

The magnetic effect of the current flowing in the armature 
conductors produces not only a reacting e.m.f. (counter e.m.f. 
of self-induction) in the conductors, but also produces 
important changes in the main field flux. These magnetic 
effects of the armature currents upon the main field are 
known by the general term “ armature reaction. 9 ’ The 
armature reaction may be analyzed or resolved into two 
effects, namely: 

First. A distortion of the main field, causing it to be- 
come more dense at some places, and at other places 
less dense, than it was at zero load. 

Second. A direct weakening or strengthening effect, caus- 
ing the main field flux to be less or greater than it 
was at zero load. 

The distortion of the main field changes the form of the c.m.f. 
wave in each armature inductor, and may cause the wave-shape of 
the terminal e.m.f. to be either further from or closer to a sine wave, 
when the load is increased (see First Course, Fig. 297). This 
change of wave-shape may change slightly the effective value of 
voltage. The weakening or strengthening effect decreases or in- 
creases the amount of e.m.f. (/?,*) which is induced in the armature, 
and, therefore, also decreases or increases the terminal e.m.f. (E t ). 

We may consider the armature current as consisting of two com- 
ponents which flow through the same winding. One of these, in 
phasft with E i} has an average effect to distort the main field but 
not to change appreciably the amount of flux or the effective value 
of Ei. The other component of /, lagging or leading 90° with re- 
spect to E it has an average effect to reduce or to increase the main 
flux and, therefore, correspondingly reduce or increase the effective 
value of Ei and E t . If the load is inductive and has a low power- 
factor, the lagging quadrature component of / is relatively large, 
the weakening of the main field is greater, therefore, Ei and E t fall 
more for a given increase of I than would be the case with a higher 
power-factor. It was the demagnetizing effect due to lagging 
reactive component of /, which caused the voltage regulation of the 
alternator in Art. 120 to be 24 per cent at 80 per cent power-factor, 
although it was only 8 per cent at 100 per cent power-factor. 
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Example 3. What is the voltage regulation of a 500-kv-a. 
single-phase 2300-volt generator at unity power-factor? Effective 
armature resistance is 0.5 ohm an cl reactance is 4 ohms. Neglect 
all reactions except those represented by the internal-resistance drop 
and the inherent reactance drop. 


The current at unity power-factor = 


500,000 

”2300 


= 217 amp. 


Jrt'i 7 ^ 



Fin. 8. Topographic vector diagram for determining the voltage regu- 
lation of a generator at unity power-factor. 


Construct Fig. 8, drawing OE\ along current vector 7 to repre- 
sent the terminal voltage of the generator under full load. 

Ir = 217 X 0.5 
= 109 volts. 


Add vector Ir to Ey in phase with E x . 
Voltage to overcome armature reactance: 

lx = 217 X 4 
= 86S volts. 


Add vector lx leading Ir by 90°. 

The vector E represents the e.m.f. which must be generated to 
supply the terminal voltage E\ t the resistance drop Ir and the re- 
actance drop lx. "" 

E = y/ (2300 + 109) 2 + 868 a 
= 2560 volts. 


When the load is removed from the generator, the terminal volt- 
age will rise to the value of E or to 2560. Thus the no-load voltage 
- 2560. 


Regulation 


(no-load volts) — (full-load volts) 
(full-load volts) 

2560 - 2300 


2300 

11.3 per cent. 
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Prob. 18 - 1 . A three-phase alternator rated 1000 kv-a. 6600 
volts has ag effective resistance of 0.5 ohm and a reactance of 
10.0 ohms per phase of the winding. Assuming these constants 
to represent all reactions which affect the drop of terminal voltage 
under load, calculate the following (the phases being Y-connected) : 

(o) Volts required between terminals of each phase of the winding 
at rated full load, power-factor 1.00. 

(6) Amperes in each^*’« current^ fig, rated full load. 

(c) Volts required to overcome reactions due to resistance, and 
to reactance. 

(d) Total voltage induced in each phase. 

. (c) Increase of voltage when full load is removed. 

( f ) Voltage regulation, per cent. Illustrate solution by vector 
diagram. 

Prob- 1H-1. Repeat calculations of Prob. 18-1 on basis of 
Y-connected alternator supplying load of 80 per cent lagging 
power-factor. 

Prob. 20-1. Repeat Prob. 18-1 for alternator A-connected 
at same phase voltage with load of 100 per cent power factor. 

Prob. 21-1. Repeat Prob. 18-1 for alternator A-connectcd 
with load of 80 per cent power-factor. 

9. Armature Reaction in Single-phase Alternators. 

Some explanation of the bare statement of facts given in the 
preceding article -is necessary to a proper understanding of 
important operating features of alternating-current genera- 
tors and motors. Let us first analyze the magnetic actions 
of the armature of a single-phase alternator, or a polyphase 
alternator of which only one phase is loaded. In Fig. 
9 to 28, this phase occupies two slots per pole of an alter- 
nator having 6 slots per pole with any number of poles. 

When I is in phase with E<, Fig. 9 to 12 illustrate conditions 
at consecutive instants one-quarter period apart, for one complete 
cycle of e.m.f. In Fig. 9, Ei is maximum, and / is also maximum 
in same direction. The armature current produces flux repre- 
sented by lines l and c. The varying amount of l and c as I 
alternates is the cause of the self-induction reaction denoted by 
(xl) in previous diagrams. At the instant illustrated by Fig. 9, 
any armature flux c which passes through the field poles does so in a 
general direction at right angles to the flux m .which is produced by 
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the field windings. It weakens the main field at the leading pole- 
tip but strengthens it in equal amount at the trailing-tip. The 
total flux per pole is not altered unless the average permeability of 
the iron is changed by the redistribution of flux. 



Fig. 9. The e.m.f. and the current in the armature coils are in phase 
and have a maximum value at this instant. The magnetic lines 
c, c , c, due to current in armature windings are at right angles to the 
lines m, m , m, due to the field coils. This weakens the leading pole- 
tip and strengthens the trailing tip. 



e.m.f. of the armature are zero, and the field is unaffected. .While 
passing from position in Fig. 9 to that of Fig. 10 the field was both 
distorted and weakened. 

One-quarter period later the conditions are as represented in 
Fig. 10. If I were still flowing in the same direction as in Fig. 9, 
the armature flux c would pass through the magnetic circuit paral- 
lel to the main field m and in direct opposition to it — i.e., its entire 
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action upon m would be demagnetizing or weakening, instead of 
cross-magnetizing or distorting. But at this instant (Fig. 10) I 
equals zero because 7 is in phase with Ei which is zero as conductors 
are cutting no lines. While we are passing from Fig. 9 to 10, 
the armature reaction is partly distorting and partly weakening. Be- 



distortion of the field, but no weakening or strengthening. Both I 
and E arc again maximum though in the direction opposite to that of 
Fig. 9. Field is distorted and strengthened in passing from Fig. 10 
to Fig. 1 1 . 



figure and Fig. 11 the effect of the armature reaction was to distort 
and weaken main field. 

tween Fig. 10 and 11, it is partly distorting and partly strengthening 
the main field. At the instant of Fig. 11, we have maximum dis- 
tortion and no weakening or strengthening. Between Fig. 11 
and 12, it is partly distorting and partly weakening again. At 
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the instant of Fig. 12, both effects are zero. Between Fig. 12 
and 9 (completing one cycle of c.m.f.) the armature reaction partly 
distorts and partly strengthens the main field. 

Summarizing the effects throughout one cycle of e.m.f. 
we find that, when I is in phase with E» : 

(а) There is a distorting effect, varying in intensity 
from a maximum to zero to maximum to zero (or 
through two cycles during each cycle of e.m.f.), but 
always tending to concentrate the flux at the trailing 
pole-tip. 

(б) There is a direct effect, alternately weakening and 
strengthening the main field twice during each cycle 
of Ei , but having a zero average effect upon the 
amount of flux from each pole and the effective value 
of 

It follows, therefore, that the decrease of terminal voltage 
with increase of non-inductive load on a single-phase alter- 
nator is caused principally by resistance and self-inductance 
of the armature winding. The armature reaction causes the 
flux to oscillate across the pole-faces, which would seriously 
increase the loss due to eddy-currents in the pole-faces if they 
were not well laminated. 

Having seen from this discussion how the magnetic action of 
armature currents affects the main field of any multipolar alterna- 
tor, the student is prepared to appreciate and use a very valuable 
diagram of armature reaction used by Professor Morecroft.* In 
Fig. 13 to 20, the length and direction of the vector n represent 
the strength (ampere-turns) and direction of the magnetic action 
of the armature. The total action of n is equivalent to c ampere- 
turns acting at right angles to the field ampere-turns (producing 
distortion of flux), plus w or s ampere-turns acting parallel to the 
field ampere-turns (decreasing or increasing the main flux). Fig. 
13 corresponds to Fig. 9 and Fig. 14 corresponds to an instant or 
position midway between Fig. 9 and 10. During one cycle of 
induced e.m.f., the end of vector n moves twice around the dotted 

* See ** Continuous and Alternating Current Machinery ” by J, H. 

Morecroft, John Wiley and Sons. 
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Fig. 13. The line n represents the amount and direction of the mag- 
netic action of the armature. The line c represents that component 
of n which is at right angles to the main field. This figure corresponds 
to Fig. 9, and thus e *■ n since the whole magnetic effect of the 
armature is to cross-magnetize the poles. 




Fig. 14. The condition half-way between Fig. 9 and Fig. 10. The 
magnetic effect n has become smaller, and has two components, c, 
tending to cross-magnetize the field, and w, tending to weaken the 
field. 




8 * 

Fig. 15. The condition shown in Fig. 10. The entire magnetizing 
effect of the armature is zero. 
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circle. A careful study of these diagrams will disclose the same 
actions described from Fig. 9 to 12. 

When the armature current ( 1 ), lags 90 ° behind the induced 



Fig. 16. A condition half-way between that of Fig. 10 and that of Fig. 1 1 . 
The armature magnetic effect n now has two components, c, tending 
to cross-magnetize the field, and s, tending to strengthen it. 



Fig. 17. The condition of Fig. 11. All the armature magnetic effect 
tends to distort the field by cross-magnetizing it. 


Fig. 18. 



Half-way between Fig. 1 1 and Fig. 12. There is a weakening 
effect w and a distorting effect c. 


e.m.f. (Ei), the effects of armature reaction on the main field 
may be seen clearly by examining Fig. 21, 22 , 23 and 24. The 
Morecroft diagram corresponding to this case is Fig. 29. If we 
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1 ' 



‘ 1 

Fig. 10. The same condition as shown in Fig. 12. No mag- 
netic effect from the armature. 



Fig. 20. Half-way between Fig. 12 and Fig. 9. The armature mag- 
netic force now has a distorting effect c and a strengthening effect s. 
When the armature coil has completed one cycle, the magnetizing 
effect of the armature has completed two cycles. 



Fig. 21. The c.m.f. is a maximum but the current is zero in the arma- 
ture because the current lags 90°. No magnetizing effect by the 
armature. 
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follow the cross-magnetizing and the weakening or strengthening 
actions of the armature ampere-turns, through one complete cycle 
of current, we shall find that: 

(а) There is a distorting effect which varies cyclically with twice 
the frequency of the current, pushing the flux out of its normal or 
zero-load position first toward one pole-tip and then toward the 
other pole-tip. The average distorting effect is zero. The pole- 
face eddy-current losses are likely to be large. 

( б ) There is a direct effect in line with the ampere-turns of the 
field winding. This effect varies cyclically between zero and a 
maximum value, but always acts to weaken the main field. There 
is an average weakening effect, and Ei is reduced. It is evident, 
therefore, that when I lags 90° behind Ei it causes a larger drop in 
E t , and makes the voltage regulation worse than with non-inductive 
load. 

When I leads E < by 90 °, conditions are as represented 
by Fig. 25, 26, 27, 28 for successive instants, or by Fig. 30 



Fig. 25. The current leads the e.m.f. by 90°. With the armature in 
this position the magnetizing effect of the armature is zero. 

for an entire cycle of current. ‘Analyzing the meaning of 
these diagrams in the manner indicated, we find that: 

(а) There is a distorting effect similar to that produced 
when I lags 90° behind Ei. The average distortion 
is zero. 

(б) There is a pulsating direct effect parallel to the main 
field, but always in a direction to increase the flux. 
On the average this effect increases E t and E$. 



Fig. 28. Three-quarters of a cycle later than Fig. 25. Again the cur- 
rent has become a maximum and the fields are again strengthened by 
the armature reaction* 
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Now consider the general case when 7 lags behind Et some angle 
between 0° and 00°, or the power-factor of the entire circuit is 



Fit;. 29. A condition half-way between Fig. 21 and Fig. 22. The cur- 
rent lags 90° behind the voltage. The armature reaction n tends to 
cross-magnetize c and weaken w f the main field. Note; The marks 
©ami indicate direction of cunent , not e.m.f. 



Fit;. 30. The current leads the voltage by 90°. The armature reaction 
has a cross-magnetizing component c. and a strengthening component 
s. The condition half-way between Fig. 25 and 26. J 



Fig. 31. The armature current lags behind the voltage 0°. The arma- 
ture reaction n has a field weakening effect w and a cross-magnetizing 
effect c. The circles C and M are component circles of circle A . 

between 1.00 and 0.00. Fig. 31 is drawn for a power-factor equal 
to cos 0. The coil is shown at the instant when I has its maximum 
value; the total armature ampere-turns is represented by n, which 
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is equivalent to a distorting effort of e ampere-turns plus a weaken- 
ing effect of w ampere-turns, on the main field. As the coil makes 
one revolution, the end of the vector n rotates twice around the 
circle A. The vertical component of n has an average value up- 
ward, indicating that the flux is pushed toward the trailing pole-tip 
most of the time, although it concentrates slightly on the other tip 
for a small part of each half-cycle of current. The horizontal 
component of n has an average value opposite to the main field, 
although it increases the flux for a small part of each half-cycle of 
current. The analysis is simplified by resolving / into two com- 
ponents, one in phase with Ei 
and the other 90° behind E t . 

The magnetizing action of the 
former is represented by the 
circle C and of the latter by 
the circle M (compare Fig. 14 
and 29). 

By this analysis we sec that 
whatever average distorting 
effect there may be, is due to 
the component of I in phase 
with Ei, and whatever average 
weakening effect there may be, 
is due to the component of / 
which lags 90° behind Ei. It 
follows that a given reduction 
of power-factor will affect the 
voltage regulation much more 
seriously when the power-factor 
is high, than when it is low. 

Thus, Fig. 32 shows that when 
we reduce the power-factor from 100 per cent to 90 per cent, the 
wattless or reactive component cj\ increases from 0 to 43.6 per 
cent of /, while a further equal decrease of power-factor (from 90 
per cent to 80 per cent) increases the reactive component by 16.4 
per cent of I (or, to 0.60 /). A reduction of power-factor from 20 
per cent or 30 per cent to zero would produce an insignificant 
change in the quadrature component of /, and therefore would not 
appreciably alter the flux and the voltage regulation. 

Prob. 22-1. What factors must be considered as limiting or 
preventing the rapid displacements of flux across the pole-faces, 
which theory indicates should result from the varying cross-mag- 



thc power-factor from 1.00 to .90 
increases the reactive component 
of the current from zero to I x cu 
or about 44 per cent of the total 
value of the current (O/i). 
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netizing component of armature reaction in the single-phase al- 
ternator? 

- Prob. 23-1. Prove that the path of the end of the vector n 
(Fig. 13 to 20) i as the armature winding rotates, is truly a 
circle. 

Prob. 24-1. Describe in detail the magnetizing action of the 
armature for one complete cycle, when the current lags 90° behind 
induced e.m.f. See Fig. 21, 22, 23, 24, 29. 

Prob. 23-1. Repeat Problem 24-1, but assume the current 
to lead the induced e.m.f. by 90°. See Fig. 26, 26, 27, 28, 30. 

Prob. 26-1. The single armature coil in Fig. 13 to 20 has 10 
turns and carries an harmonic current whose effective value is 10 
amperes. Calculate the maximum and average cross-magnetizing 
force due to the armature, in ampere-turns. Current is in phase 
with induced e.m.f. 

Prob. 27-1. The armature specified in Prob. 26-1 carries a 
current which lags 90° behind the induced e.m.f., as illustrated by 
Fig. 29. Calculate: 

(а) The maximum and average values of cross-magnetizing 
ampere-turns. 

(б) The maximum and average values of demagnetizing ampere- 
turns. 

10. Armature Reaction of Polyphase Alternator. When 
a polyphase alternator carries a balanced load (equal current 
at same power-factor in all phases), the magnetic field due to 
the currents in the armature windings is steady, or constant 
in value and fixed in direction. When I is in phase with 
the E< which produces it, the armature reaction pushes 
the flux toward the trailing tip of each pole and holds it 
there steadily but neither increases nor decreases apprecia- 
bly the amount of flux. When I lags 90 ° behind E„ the flux 
is reduced by the counter magneto-motive force of the 
armature ampere-turns, but the distribution of flux is nearly 
the same as at zero-load. Between these two extremes, or 
when the power-factor of the entire circuit is between 1.00 
and zero, the armature current produces both distortion and 
weakening of the main field (/ lagging). * Each effect is 
constant, and depends upon the values of /, cos 0, and number 
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of turns in the armature winding. High power-factors, few 
armature turns and strong fields are conducive to good volt- 
age regulation. 

Fig. 33 to 38 present an analysis of the armature reaction in 
a three-phase alternator with balanced load. In Fig. 33, n\ rep- 



Fia. 33. The vector m represents 
the armature reaction in Phase 1 
of a three-phase generator with 
balanced load of unity power- 
factor. 



the armature reaction of Phase 
2 of the generator at the same 
instant as that represented in 
Fig. 33. 



Fro. 35. The vector n® represents 
the armature reaction of Phase 
3 at same instant as Fig. 33 
and 34. 


n 



the resultant armature reaction 
of the three phases of Fig. 33, 
34 and 35. 


resents the total ampere-turns of Phase 1, at the instant when 
the current in it is maximum. The current is in phase with E%, and 
the dotted circle represents the path of the end of vector m, as the 
armature- rotates (compare Fig. 13). Fig. 34 represents Phase 2, 
and Fig. 35 represents Phase 3, all at the same instant. If we add 
vectorially the three armature reactions, n i, n*, n*, as in Fig. 36, 
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we find that the vector On represents the total ampere-turns of all 
phases, both as to value and direction. The vector On remains the 
same length and the same direction, for all positions of the armature, 



I n;. 37. The vector n represents 
the resultant armature reaction 
of the three-phase generator at 
an instant 30° later than that of 
Fig. 36, when n 3 has become Kero. 
Note that the value of n has 
remained unchanged. 


provided I remains in phase 
with Ei . To illustrate this, Fig. 
37 is drawn, representing tit, n s , 
and n* at an instant 30 electrical 
degrees or ^ period after Fig. 
36; at tins instant, n s has in- 
creased, rii has decreased, and 
n 3 has become zero (current in 
Phase 3 is zero at this instant). 
When I lags 0° behind Ei 
(power-factor of entire circuit, 
including armature winding, 
equal to cos 0), conditions are 
as represented by Fig. 38. The 
vector On represents total am- 
pere-turns of the* armature, as 
to both value and direction. 
The armature currents produce 
a constant counter m.m.f. of Od 


ampere-turns in the magnetic circuit, reducing the flux, and E 
There is a constant cross-magnetizing m.m.f. of Oc ampere-turns, 
distorting the flux. The main difference between the armature 
reaction of the polyphase and 


the single-phase alternator is 
seen to be in the constancy of 
the former and the double- 
frequency cyclic variation of 
the latter. 

Prob. 28-1. Each phase of 
the winding in Fig. 33 to 37 
has 10 turns and carries an 




harmonic current whose effec- Fig. 38. The vector n represents 


tive value is 10 amperes. Cal- the constant armature reactions 
culate the maximum ampere- of a three-phase generator, when 
turns of one phase, and the the power-factor is cos 9. 
total ampere-turns of all three 

phases together for the position shown in Fig. 36. Repeat for 
Fig. 37. Compare these total values and note how they agree 
with statements in the text. 
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Prob. 29-1. Can you make a general proof that the total mag- 
netic effect (n) of all phases of a three-phase winding is constant? 
What is the ratio between the total effect of all phases, and the 
maximum effect of one phase, in a three-phase alternator? 

Prob. 39-1. Draw vector diagrams for a two-phase alternator, 
after the manner of Fig. 33 to 37. 

11. Synchronous Impedance. The effects of armature 
self-inductance and of armature reaction cannot be measured 
separately by any convenient commercial test. In rough 
calculations of voltage regulation of an alternator (by the 
stalled E.M.F. Method), the effects of these two reactions 
upon the terminal voltage are combined in a factor known 
as the “synchronous reactance (X)” The “synchronous 
impedance” is a factor which measures the combined effect 
of armature resistance and synchronous reactance, upon the 
terminal voltage. 

Synchrondus impedance is always measured (as the name 
implies) while the alternator (or synchronous motor) is rotat- 
ing at synchronous speed, i.c., at rated speed. It has little 
relation to the impedance of the same armature as measured 
at standstill, even with currents of rated frequency. The 
armature is short-circuited through an ammeter connected 
directly across the terminals, the field current being adjusted 
to a value low enough to produce approximately full-load 
amperes through the short-circuited armature. After meas- 
uring 7, the short-circuit is opened, and the open-circuit 
voltage is measured. This open-circuit voltage must, there- 
fore, be the voltage required to force the full-load current 
through the armature alone. Then, for the same field cur- 
rent and (rated) frequency: 

Synchronous impedance (per phase) = 

open-circuit volts, per phase ___ y 
short-circuit amperes, per phase 
Then we measure the resistance of each phase of the winding, 
usually with direct current, using the ammeter-voltmeter 
method. Increasing this by 15 per cent to allow for eddy- 
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currents and skin-effects in windings, we get r, the alter- 
nating-current resistance of one phase. From this we get: 
Synchronous reactance (per phase) — v 

. /(Synchronous impedance ) 2 — (a-c. resistance ) 2 — % 

V (per phase) (per phase) 


Example 4. A Y-connected alternator rated to deliver 5000 kv-a. 
at 6600 volts, 60 cycles, yields the following data when tested for 
synchronous impedance: 

Short-circuit armature current = 438 amperes per terminal. 
Open-circuit volts between terminals — 2790 for same field 
current and rated frequency. 

Measured resistance of the armature (hot) between any tf#o 
terminals — 0.0962 ohm. 

From these we calculate as follows: 

2790 

Volts induced in each phase of winding = W 10ia 

Amperes in each phase of winding = 438. 

Synchronous impedance of each phase of winding = ------ 

438 

= 3.68 ohms. 


0.0962 

Direct-current resistance of each phase = -~z — — 0.0481 ohm. 
(two phases in series between terminals) ^ 
Alternating-current resistance per phase = 115 per cent of 
0.0481 = 0. 0554 ohm s. 

Synchronous reactance per phase = a/ (3.68) 2 — (0.0554) 2 


= 3.678 ohms. 

Prob. 31-1. The following test readings show the relation between 
open-circuit volts and field amperes for a delta-connected alternator 
rated 2140 kv-a. three-phase 50 cycles 6300 volts 300 r.p.m., and 
operated at rated speed (see Electric Journal, Nov. 1913, page 1189): 


Volts between 
terminals. 

Field amperes. 

When the armature is short-circuited the fol- 
lowing readings are taken, also at rated speed. 

0 

1200 

2400 

3600 

4800 

6000 

6300 

6930 

7800 

8550 

0,0 

13.2 

26.7 

40.5 

55.5 

72.5 

77.1 

90.0 

118.0 

155.0 

Short-circuit 
amperes per 
terminal. 

Field 

amperes. 

Short-circuit 
loss, kw. 

, 0 

99 

195 

294 

390 

0.0 

15.3 

30.0 

46.0 

60.5 

0.0 

3.5 

13.5 

30.0 

53.5 
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The armature resistance per phase as measured by direct current is 
0.1025 ohm at 25° C. The field resistance is 0.718 ohm at 25° C. 
From these data, draw curves with field current as abscissas, open- 
circuit volts per phase and short-circuit amperes per phase as ordi- 
nates. Calculate the synchronous impedance per phase from these 
curves, corresponding to each value of current observed in the short- 
circuit test. Does the synchronous impedance appear to be a con- 
stant quantity within the range of these observations? Calculate 
also the synchronous reactance. Phases are A-connected. 

12. Calculation of Voltage Regulation by Synchronous 
Impedance Method. Let it be required to calculate the 
voltage regulation of the 
alternator of Example 4, 
from rated full-load kv-a. 
at 80 per cent power-factor 
to zero-load. First con- 
sider the case of a lagging 
current, as in Fig. 39. Lay 
out a reference vector 01 of 
any length, representing the 
current i n one phase . Then 
lay out Od, leading 01 by 
6° (= angle whose cosine 
is 0.80, the power-factor). 

The length of Od represents 
the e.m.f. required to be produced at the terminal of each 
phase of the winding, which in this case is 3750 volts. Then 
from d lay out the vector dc parallel to OI and in the same 
direction, and of length representing (rZ) volts. This is the 
e.m.f. required to overcome the resistance reaction in each 
phase. 

5000 kv— a 

7 (per phase) = ^ x k v . = 437 am P eres - 
rl (per phase) = 0.0554 X 437 = 24.2 volts. 

Then from c we lay out ca in a direction leading OI by 90°, 
and of a length proportional to (XI), the e.m.f. required to 



Flo. 39. The vector Oa represents 
the e.m.f. which must be generated 
to supply a terminal voltage of Od, 
when the power-factor of the ex- 
ternal circuit is cos 0. 

Oa = Od © dc © ca. 
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overcome the reactions represented by the synchronous 
reactance. 

XI (per phase) = 3.678 X 437 = 1608 volts. 

The resultant vector Oa represents the e.m.f. that should be 
generated by a field excitation sufficient to overcome the 
reactions or voltage drops due to resistance, inductance and 
armature reaction, and still have Od volts remaining between 
the terminals. We calculate Oa as follows: 

Component of Oa in phase with 01 = Ob -f- dc = 

(Od cos 0 4- rl) • (3750 X 0.8) + 24 - 3024 volts. 

Component of Oa in quadrature with OI — bd + ca = 

(Od sin 0 + XI) = (3750 X 0.6) + 1608 - 3858 volts. 

Oa - V(3024j» + (3858)* = 4900 volts. 

If the field current and speed are kept constant, presumably 
we should get this voltage between the terminals of each 
phase when the current is reduced to zero, since then there 
would be no reactions of any sort within the armature. As 
the winding is Y-connected, the pressure between terminals 
at zero-load should be V 3 X 4000 = 8500 volts. The rise 
in voltage from full-load to zero-load would be (8500 — 
6600) = 1900. Then: 

Voltage regulation at 80 per cent power-factor 
by synchronous impedance method 

= 0000 = 28 8 P er ,:ont - 

Fig. 40 shows the method of computing the voltage regu- 
lation for a leading current. 

When tested under actual full-load conditions, alternators 
nearly always show a lower or better voltage regulation than 
is obtained by calculation according to the synchronous 
impedance method explained above. This may be due to 
a number of causes. X is computed from short-circuit 
readings taken under conditions of low flux densities in the 
iron and very low power-factor, yet we assume it to retain 
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the same value at much higher power-factors, and much 
higher degrees of saturation necessary to produce full rated 
voltage. Moreover, in our diagrams (Fig. 39 and 40) we 
draw the synchronous reactance e.m.f. (XI) perpendicular 
to I just as if it were all due 
to genuine inductive reac- 
tance; nevertheless we know 
that the change of Ei due 
to field-weakening effect of 
armature reaction is in quad- 
rature with Ei, and is not Fi«. 40. The current leads the volt- 
strictly proportional to the age by 0°. The generated e.m.f. 

current 7. However, this represented by Oa may be less 

method is very easily applied, than tho ter,nimJ vo,tage 0i ‘ 
the data are easy to obtain, and the error is on the safe side. 
The student should be thoroughly familiar with this method 
because it applies to transmission lines even better than to 
alternators and is theoretically correct in all respects. 

Prob. 32-1. Calculate (by the synchronous impedance method) 
the voltage regulation of the alternator specified in Prob. 31-1, 
when delivering rated full-load output at 100 per cent power-factor. 
Draw complete vector diagram to illustrate your solution. 

Prob. 33-1. (a) Solve Problem 32-1 using a load of 80 per cent 

lagging power-factor. 

(6) 80 per cent leading power-factor. 

Prob. 34-1. What would be the voltage regulation in Problem 
33-1 if the resistance drop were neglected, and the value of syn- 
chronous impedance were used in place of the value of synchronous 
reactance, thus eliminating the vector dc and slightly lengthening 
ca , in Fig. 39 and 40? (The It drop in this armature is really much 
smaller than is usual.) 

Prob. 35-1. Using the synchronous impedance method, cal- 
culate the terminal voltage of the alternator specified in Problem 
31-1, when the current output is reduced to one-half of rated full- 
load value, while keeping the field excitation constant at full-load 
value. Power-factor of load is constant at 80 per cent. 

13. Calculation of Voltage Regulation by A.I.E.E. 
Method. The following method is prescribed by the 




48 


ALTERNATING-CURRENT ELECTRICITY 


Standardization Rules of the A.I.E.E. (see Proceedings 
A.I.E.E., Aug. 1914), because experience proves that values 
of regulation obtained by it are in close agreement with those 
obtained by load test. The most trustworthy value of 
voltage regulation is obtained by taking real load from the 
generator, but on account of the amount of power required 
t his is not practicable with very large machines. 

This method consists in computing the regulation from 
experimental data of the open-circuit saturation curve and 



Fig. 41. Curves OA and BG are drawn from data obtained on a no- 
load run and a full-load zero power-factor run. The curve Bd' is 
plotted from values obtained from OA and BG by means of Fig. 42. 

the zero power-factor saturation curve. The latter curve, 
or one approximating very closely to it, can be obtained by 
supplying full-load current of the generator to a load of idle- 
running synchronous motors adjusted to take lagging current 
at lowest possible power-factor. The power-factor under 
these conditions is very low and the load saturation curve 
approaches very closely to what it would be at zero power- 
factor with the same current delivered. From this curve 
and the open-circuit curve, points for the load saturation 
curve for any power-factor can be obtained by means of 
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vector diagrams. From the saturation curves the voltage 
regulation may be calculated. 

The alternator is operated at constant rated frequency with 1 
equal to zero, and the voltage is measured corresponding to various 
values of field current. These are plotted as 4 * open-circuit satura- 
tion” curve OA, Fig. 41. The armature is then connected to a 
load capable of taking the full rated-load current of the alternator 
at or near zero power-factor. Power-factors of 10 per cent or 
20 per cent are practically equivalent to zero, as shown by means 
of Fig. 32. The current and powbr-f actor arc kept constant while 
the field current is varied, and 
the corresponding values of 
volts at terminals are plotted 
as curve BG , Fig. 41, usually 
called the 1 * load saturation 
curve” at zero power-factor. 

At any given field excitation 
Oc, the voltage that would be 
induced on open circuit is ac. 

The terminal voltage at zero 
power-factor and full-load cur- 
rent is be, and the apparent 
internal drop is ab. The ter- 
minal voltage dc witli full-load 
current of any other power- 
factor can then be found by Fi«. 42. Lay off be. Draw the ver- 
drawing an e.m.f. diagram as tieal line from c. Draw bf at angle 

in Fig. 42, where <f> is an angle <t> to be and swing an arc with a 

the cosine of which is the radius equal to ab, Fig. 41, until 

power-factor of the load. The it cuts the vertical at a. From 

line be is the resistance drop a swing an arc with a radius of ac, 

( Ir ) in the armature 'winding, Fig. 41, to cut bf at c. 

ba is the total internal drop 

and ac is the total induced voltage, ba and ac being laid off to 
correspond with the values obtained from Fig. 41. The terminal 
voltage at power-factor cos <f> is then cb of Fig. 42, which, laid off in 
Fig. 41, locates the point d . By finding a number of such points, 
the curve Bdd' for power-factor cos <t> is obtained, and we have: 

Regulation in per cent (at power-factor cos 4>) = ~r~ f X 190, 

since a'd' is the rise in voltage when we throw off the rated full-load 
current at rated voltage c'd' and power-factor cos 0. 
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Generally the resistance drop ( rl ) may be neglected, as it has 
very little influence on the regulation, except in very low speed 
machines where the armature resistance is relatively high, or in 
some cases where the regulation at unity power-factor is being 
estimated ; for low power-factors, its effect is negligible in practically 
all cases. If resistance is neglected, the simpler e.m.f. diagram of 
Fig. 43 may be used to obtain points on the load saturation curve 
for the power-factor under consideration. Where it is not pos- 
sible to obtain by test a zero 
power-factor saturation curve, 
this curve may be estimated 
closely from open-circuit and 
short-circuit curves, by a method 
explained in Proceedings A.I.E.E., 
Aug. 1914, page 1263. 

Example 6. An alternator has 
saturation curves as shown in Fig. 
44, which arc reported in Trans. 
A.I.E.E., 1908, page 1065. Cal- 
culate the voltage regulation of 
this generator for a power-factor 
of unity. 

Fig. 43. The diagram of Fig. 42 From full-load curve at 1.00 
takes this simple form when the power-factor in Fig. 44, we find 
resistance drop be is not con- that there must be 235‘ amperes 
sidered. in the field to produce the normal 

voltage of 12,000 volts. 

From the no-load saturation curve we find that these 235 amperes 
in the field will produce a terminal voltage of 13,000 volts, when 
the load is thrown off. The rise in voltage from full-load to no- 
load is 13,000 — 12,000 = 1000. 



The regulation at 1.00 power-factor 


100 0 

12,000 


= 8.3 per cent. 


Example 6. Calculate the regulation of the above generator for 
a power-factor of 0.70. Neglect armature resistance. 

Select a field current of 300 amperes as a value which will prob- 
ably produce full-load voltage of about 12,000 volts at this power- 
factor. 

The difference in voltage between no-load and full-load at zero 
power-factor is represented by the distance ab in Fig. 44. Lay 
off this distance as ab in Fig. 45. Draw the line be of indefinite 
length at an angle of 45.5° to bx. (45.5° is the angle of which 
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0.70 is the cosine.) In Fig. 44, the length ac is the no-load volt- 
age for this field current. Take off this distance in Fig. 44 with 
compasses and draw an arc in Fig. 45, with the point a as the 
center, until it cuts the line be at c. The line cb represents the full- 
load voltage at a power-factor of 70 per cent. Lay this distance off 
from c to d on the line ca of Fig. 44. Draw a line through d parallel 



to the curve for the full-load current at zero power-factor, and thus 
determine the point d ' which shows what field current is needed to 
produce a full-load voltage of 12,000 volts at 70 per cent power- 
factor. The corresponding point a' for the same field current on 
the no-load curve shows the value to which this terminal voltage 
will rise when the load is taken off and this field current continued. 
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The distance a'cT, therefore, represents the voltage rise from 
full-load to no-load at this power-factor, equal to 15,100 — 12,000, 
or 3100 volts. 

Regulation at 70 per cent power-factor = if oQO " = 258 

per cent. 

Prob. 33-1* Calculate the voltage regulation of the alternator 

of Example 5 for a power-fac- 
tor of 85 per cent from these 
curves. 

Prob. 37-1. From the data 
in Fig. 44, calculate the synchro- 
nous impedance of this alter- 
nator using the data of the 
short-circuit test and the open- 
circuit saturation curve. Cal- 
culate the voltage regulation 
by the synchronous impedance 
method for 85 per cent power- 
factor and for 100 per cent 
power-factor. Neglect the re- 
sistance of the armature. Com- 
pare with the results of Problem 
36-1 and Example 5. 

Prob. 38-1. The data in the 
table below for curve of full-load 
saturation at zero power-factor 
were taken on the alternator 
specified in Problem 31-1. 
Draw the zero-load and the 
Fig*. 45. The line be represents the full-load zero power-factor satu- 
terminal voltage of the generator ration curves for this alternator, 
at full-load at 70 per cent power- Calculate enough of the satura- 
f actor. Values correspond to tion curve for 80 per cent power- 
those in Fig. 44. factor to enable you to calculate 

the per cent voltage regulation 
at this power-factor, by the A.I.E.E. method. Compare with the 
result of Problem 33-1. 

Prob. 39-1. Calculate the voltage regulation of the alternator 
specified in Problems 31-1 and 38-1, by the A.I.E.E. method, at 
a power-factor of 100 per cent, and compare the result with that 
obtained in Problem 32-1 by the synchronous, impedance method. 




ALTERNATORS: REGULATION AND CONTROL 53 


Armature 

volts. 

Armature amps, 
per phase. 

Field amps. 

3600 

196.2 

71.0’ 

4800 

196.2 

86.5 

6000 

196.2 

106.0 

6300 

196.5 

- 112.0 

7200 

196.0 

138.5 

7690 

195.8 

155.0 


14. Automatic Voltage Regulation for Generators. It 

is not practicable nor economical to build alternators (and 
therefore not wise to specify them) to have a voltage regula- 
tion so good that they can carry the ordinary fluctuating 
central station load without permitting the voltage to vary 
beyond the limits of good service. Very good voltage regu- 
lation increases the cost of the alternator unwarrantably, and 
is likely to be obtained by sacrifice of other important 
features, such as efficiency. Also good voltage regulation 
requires the inductive reactance and the armature reaction 
of the alternator armature to be low. When short-circuits 
occur on such alternators, the current runs up to very high 
values, and the magnetic forces exerted between the parts 
of the winding become great enough in many cases to twist 
them out of shape and injure or ruin the insulation. As a 
precaution against such injuries, the armature reaction and 
inductive reactance of large alternators is usually made so 
high that some adjustment of the field excitation is necessary 
to keep the voltage from fluctuating beyond reasonable 
bounds as the load changes. 

The adjustment of field current may of course be made 
by hand, which would require constant attention by the 
station operator. This is objectionable not only because it 
is more expensive than automatic control, but also because 
it can never be as good as the automatic method. The 
fluctuations are too rapid to be followed successfully by eye 
and by hand. 
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The field current may be controlled automatically by means 
of a “voltage regulator,” which is usually of the Tirrill 
Regulator type.. Such regulators usually act to keep the 
voltage sensibly constant at the generator terminals or bus- 
bars. But regulators may be constructed to raise the terminal 
voltage automatically as the load increases, or to compound 
the generator. Compounding is sometimes used, sufficient 
to compensate the voltage drop on feeders and keep the 
pressure constant at some point distant from the station. 

The Tirrill regulator is a rather complicated device involving the 
interaction of solenoids, differential magnets, levers and contacts, 
which it is not in the province of this book to describe, as no new 
principles are to be learned thereby. Station operatives and 
specialists who must understand the operation and adjustment of 
this device, should procure the Bulletins and Instruction Sheets 
which the General Electric Company publishes concerning it. The 
principle of operation is simple. The regulator maintains the 
desired alternator voltage by rapidly opening and closing a shunt 
circuit across the field-rheostat of the exciter (or direct-current 
dynamo which supplies the field current for the alternator). The 
exciter field-rheostat is first turned in until the exciter voltage is 
greatly reduced and the regulator circuit is then closed. Whenever 
the alternator voltage is below the value which the regulator is 
adjusted to maintain, the vibrating contacts come together and 
short-circuit the field-rheostat of the exciter. The voltage of the 
exciter and of the generator immediately rise. When it has reached 
the predetermined value, the regulator contacts are automatically 
opened and the field current of the exciter must again pass through 
the rheostat. The resulting reduction in voltage is checked at once 
by the closing of the regulator contacts, which continue to vibrate 
in this manner (several times per second) and keep the generator 
voltage within the desired limits. 

15. Excitation for Alternators. An old practice of 
having a separate exciter for each alternator has been 
abandoned in plants having several alternators. The 
excitation is usually furnished by two or more flat-com- 
pounded direct-current generators, rated 125 or 250 volts, 
each connected through its own switching, measuring and con- 
trolling equipment to a set of exciter bus-bars. Shunt- 
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wound exciters are preferable where Tirrill regulators are 
used, also where storage batteries are used. All alternators 
take field current from these common exciter busses; thus 
any alternator may be connected to any exciter. The ex- 
citer busses usually furnish current also for operating the 
motors used to open and close oil-switches, adjust the 
governors of the engines, or control the field rheostats, and 
sometimes also for lighting the plant. 

To insure that the plant shall never be without a source of 
direct current to build up or maintain the voltage of the 
alternators, it is usual to keep a storage battery ready to be 
connected to the exciter busses. It is then possible to drive 
some of the exciter generators by means of induction motors 
or synchronous motors supplied with alternating current by 
the main generators. If there is no storage battery, the 
exciters are driven by separate steam engines or waterwheels, 
elaborate precautions often being taken to avoid the possi- 
bility of these being stalled. However, it is said that the 
cost of operating a motor-driven exciter is about one-half the 
cost of operating an engine-driven exciter. 

A Tirrill voltage regulator, by adjusting the voltage of the 
exciter bus, raises simultaneously the voltage of all genera- 
tors which are operating in parallel, and thus avoids the 
troublesome cross-currents between them which may result 
--when their excitations are adjusted independently. When 
several exciters operate in parallel the regulator is equipped 
with extra relays and “equalizer rheostats/' to keep them 
adjusted to each other. 

16. Load Capacity of an Alternator. The load or output 
of a direct-current generator is measured in terms of power, 
and is expressed in watts or kilowatts. The watts or kilo- 
watts output of an alternating-current generator increases 
in direct proportion to the effective voltage, to the effective 
current, and to the power-factor. We cannot increase the 
armature current beyond a certain value without exceeding 
a safe temperature for the armature insulation. To raise 
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the voltage we must increase the speed, the flux, or the 
number of inductors or turns in series in the armature. After 
the machine is built, the speed cannot be raised because 
constant frequency is required. In designing the alternator, 
the maximum speed is fixed by mechanical limitations (such 
as stresses due to centrifugal force, balancing of rotor, 
bearings, and lubrication), or by the fact that there is a most 
economical speed for the prime mover which cannot be 
exceeded without prohibit ive sacrifice. With a given amount 
of armature-copper and a given slot-space to put it in, no 
advantage is gained by increasing the number of turns. 
Because if we double the turns, the sectional area of the 
conductor cannot be more than half as great; and for the 
same maximum I 2 R loss as before, this would reduce the maxi- 
mum allowable current to one-half the former maximum, 
which would exactly offset the double voltage and leave the 
capacity unchanged. The flux cannot be increased in a given 
amount of iron without increasing the flux density. This 
causes a relatively great increase of core-losses, and is, there- 
fore, limited by the maximum allowable temperature. 
Moreover, increase of flux requires large increase of field 
current, and this is limited by heating of the field insulation. 

We see, therefore, that the current and pressure factors 
of the power output arc limited in the alternator itself, by 
the fact that they cannot exceed fairly definite limits without* 
injuring the machine. But when the alternator is delivering 
its maximum amperes and maximum volts, the real power 
or output in watts may have any value from the maximum 
(product volts times amperes = “ volt-amperes”) at 100 
per cent power-factor, to nothing at zero power-factor. As 
the power-factor of the load depends altogether upon the 
external circuit and not at all upon the alternator, it is not 
fair to the alternator to rate its maximum capacity in kilo- 
watts. It is always rated, therefore, in terms of volt-amperes 
or kilovolt-amperes (kv-a.). The capacity in kilowatts would 
be the same as the capacity in kilovolt-amperes, if the power- 
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factor of the load were unity. At 50 per cent power-factor, 
the kilowatt capacity would be reduced just one-half, whereas 
the kilovolt-ampere capacity would be the same as before. 
The design of the field winding should be sufficiently liberal 
to permit, without overheating, a field current which can over- 
come the demagnetizing effect of reactive lagging components 
of armature current at any ordinary power-factor, and main- 
tain rated voltage at the terminals. 

The nature of the duty affects the capacity of an alternator 
or of any electrical machine. We must distinguish between 
steady load and fluctuating or intermittent load. It is com- 
mon practice to rate alternators according to the kilovolt- 
amperes that they can deliver constantly for an indefinite time 
without overheating. Ratings for intermittent load, which 
are higher than the continuous rating, are usually employed 
for railwa}' and crane motors and the like, but not for al- 
ternators. 

The amount of kilovolt-ampere capacity of alternators 
required to supply a given load will depend, therefore, 
somewhat on the shape of the load-curve and the duration 
of peak loads. It depends also upon the power-factor of the 
load; for, in order to supply the same kilowatts with half as 
great power-factor, it requires twice as many amperes at 
constant voltage, or twice as many kilovolt-amperes. It is, 
'therefore, profitable to select and adjust the apparatus con- 
nected to the station, in such a way as to make the power- 
factor as high as possible. Induction motors should not be 
loo large for their loads, as a lightly loaded induction motor 
^has a low power-factor. A good proportion of the motor load 
♦should be in synchronous motors which may be and should be 
adjusted to make the line power-factor very high. Service 
to small customers should be grouped as much as possible 
on larger transformers, avoiding the use of numerous small 
transformers. By making the power-factor as high as pos- 
sible, the size (kilovolt-ampere capacity) and cost of genera- 
tors required to supply a given amount of effective power 



58 


ALTERNATING-CURRENT ELECTRICITY 


is kept as low as possible. The method for determining 
kilovolt-ampere capacity of generator required to carry a 
combination of loads is explained fully in the “ First Course.” 
It is necessary and sufficient to know any two of these three 
factors, for each load; kilowatts, kilovolt-amperes, power- 
factor. Whether the loads are connected in series, in parallel, 
or in series-parallel grouping makes no difference in the total 
kilovolt-amperes, although it may affect the current and 
e.m.f. in parts of the circuit. 

Prob. 40-1. What size alternator would be required to supply 
loads aggregating 800 kw. steadily at 80 per cent power-factor? 
What would be the input in horse-power of the prime mover to 
drive this generator at this load, if the efficiency of the latter at 
this load is 94 per cent? 

Prob. 41-1. Show that where the load on an alternator 
fluctuates rapidly, white the voltage is kept constant, the rated 
kv-a. capacity should be approximately equal to the effective or 
square-root-mean-square value of the kv-a. load-curve. 

Prob. 42-1. A shop having its own generating plant of 500 
kv-a. rated capacity uses only 300 kw., at 81 per cent power-factor. 
Another nearby shop, needing more power, offers to purchase 100 
kw. at 68 per cent power-factor. Can this generating plant supply 
both shops together? If not how many kv-a. and kw. can be sold 
to the second shop at 68 per cent power-factor, without exceeding 
rated full-load of the plant? 

Prob. 43-1. How many kilowatts in incandescent lamps may 
be added to a 250 kv-a. alternator which is already delivering 160* 
kv-a. to induction motors at 75 per cent power-factor? 

Prob. 44-1. Draw a curve, with power-factor as abscissas and 
real power output (kw.) as ordinates, for a 400 kv-a. plant operating 
at its full rated capacity. 

Prob. 45-1. The total cost of a 400 kv-a. plant in Massachu- 
setts, using reciprocating steam engines, and including all auxiliaries 
and incidentals except the building, averages $84.00 per kv-a. 
capacity. Draw a curve with power-factor as abscissas and cost 
per kilowatt capacity as ordinates. 

17. Short-circuits on Alternators.* When a short cir- 
cuit occurs close to the terminals of an alternator which is 

* Much of the data in this article is taken from General Electric Re- 
view , Feb. 1909, and Electric Journal , Nov. 1913. 
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operating at rated voltage and speed, tin* armature current 
instantly rises to an effective value of from 10 to 50 times 
rated full-load current-. It, then ele*c*r oases rapidly (in from 
0.2 to 2.0 seconds), to a steady value of from 1.5 to 3.0 
times rated full-load eurrent. These large* initial surges of 
current produce very severe mechanical stresses within 
the windings, tending to twist them out of shape and to 
damage the insulation. The forces between coils or parts of 
the winding vary as the square of the current flowing in 
them, therefore., the forces acting at the* instant of short 
circuit are from 100 to 2500 times as great, as those acting 
at rated full-load. 

Obviously, we must either allow a tremendous factor of 
safety in flu*, mechanical construction of the alternator, or 
adopt means to limit the amount of current that may flow 
through a. short-circuit. In practice, both methods are used. 
That is: 

(1) The windings are braced securely by clamps, par- 
ticularly at the* ends of tin* coils where* they art* not. 
supported by the slots. Fig. Iti idiows the end- 
windings of a turbo-alternator so braced. 

(2) Reactance coils ait* connected in series with the gen- 
erator loads which go to the switchboard. Fig. 170, 

First Fourso," shows a reactance coil used for this 
purpose*. They usually have cores of concrete and 
air; iron core's would increase the* power loss in the* 
coil (by hysteresis and e'dely e*urre*nts), and the* flux 
woulel ne>t increase any more* than with air cem* whe*n 
the* e*urre*nt i increase's e»n short, circuit te> value's whie*h 
would e> versa t urate t lie* iron unless a gre*at quantity 
of it were* used. The*se e*e>ils are* usually plae*e»d as 
cle>se* as possible to the* ge*nt*rator. 

(I>) barge* generators are* designed purposely to have a 
bud voltage* regulation, so that the* e*xe*e*ssi ve* cunvnts 
em short-circuit shall limit themselves by cutting elown 
the* voltage. 
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The first rush of current on short circuit is very great in 
relation to the final short-circuit current, because the arma- 
ture reaction is slow to take' elTect. During the first few 
cycles after short circuit, the current is opposed only by the 
resistance and real or inherent reactance of the armature (the 
counter e.m.f. induced in the armature conductors by the local 



I'm. l(i. Armature with end-hells removed showing method of hrnciirj. 
the ends of coils. IT , in y house Kit cl. o" Mjy. Co. 

flux due to the current they carry). However, as the resist* 
mice is small in comparison with the reactance, the short-cir- 
cuit, current lags almost t)()° behind flit' induced e.m.f. and the 
armature ampere-turns strongly oppose (lie passage through 
the armature core of flux due to the main field winding. In 
the course of a shorl time, but not instantaneously, the' useful 
flux is greatly reduecd by this demagnetizing action -often 
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to only a few per cent of its normal or full-load value. While 
the flux in the field cores is being reduced, an e.m.f. is induced 
in the field coils, acting in a direction to maintain the flux — 
that is, in the same direction as .the normal field current. 
The transient increase of field current so produced while 
armature reaction is taking effect, is frequently enough to 
open the circuit breakers in the field circuit, which helps to 
relieve the short-circuit. 

The resistance of the armature is kept low in order that 
the efficiency may be high. A common value is 1 per cent, 
which means that the Ir voltage consumed in overcoming 
resistance, at rated full-load current, is equal to 1 per cent 
of the terminal voltage at full-load. Consequently , the value 
and damaging effects of the first rush of current must be 
limited by increasing the inductance or reactance of the 
armature winding. The reactance is proportional to: 

(a) The frequency, directly. (If frequency is doubled, 
armature reactance is doubled.) 

(b) The square of the number of conductors per slot on 
the armature. 

(c) A factor which depends upon the shape and number 
of the slots, and their arrangement. 

Generators of the largest sizes (in which short-circuit currents 
are enormously powerful and dangerous) are usually driven 
-d>y steam turbines, which must be of relatively high speed 
in order to be economical. Although the frequency is the 
same as in slow-speed engine-driven alternators, the number 
of slots is less, and the reactance much less. In an engine- 
driven alternator the reactance might be 10 per cent (i.e., 

» reactance voltage equal to 10 per cent of terminal voltage, 
when rated full-load current flows). In a turbo-alternator 
for the same rated output the reactance voltage might be 
only one-quarter as large, or 2.5 per cent. If we neglect the 
(very slight) effect of resistance in determining the short- 
circuit current, we see that the current in this slow-speed 
engine-driven alternator will surge up to 10 times normal 
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full-load current at the moment of short-circuit (until the 
reactance volts equals the generated volts), whereas the 
current in the turbo-alternator will surge up to 40 times 

. , . /100 per cent of generated voltage\ TT 

rated current = ( 0 — ■ - - ----- 5 ). How- 

\2.o per cent of generated voltage/ 


ever, as soon as these excessive currents commence to grow, 
the generated voltage commences to be reduced by the 
armature reaction, and the short-circuit current soon 
settles down to a value which depends upon the syn- 
chronous impedance, or upon the voltage regulation of the - 
alternator. 

Current-limiting reactances are usually designed to have 
a reactance of from 3 to 6 per cent (which means a voltage 
drop across them of from 3 to G per cent of terminal voltage 
when full-load current flows). They do not have much effect 
upon the voltage regulation of the generating unit, because 
the regulation depends principally upon the armature reac- 
tion or upon the synchronous impedance, which is large 
compared with these values of reactance. 

The short circuit is relieved by an oil-switch, or circuit- 
breaker, having the contacts immersed in oil. This breaker 
opened automatically by the action of a relay which is con- 
nected in the leads between generator and switchboard. If 
the relay is set to trip quickly during the first surge of current, 
great forces are generated at the switch break, often wreckings 
it. If the relay is set to delay action, perhaps until after the 
current has fallen, large forces are exerted upon the armature 
windings and connecting cables, distorting them and often 
tearing them from their fastenings. The action of switches 
and relays will be taken up later. 


Example 7. What ivS the impedance (in per cent) of the armature 
of an alternator which has 6 per cent reactance and 2 per cent 

resistance? 

Impedance = Vx 5 -f r 2 
- V40 

= 6.32 per cent. 



ALTERNATORS: REGULATION AND CONTROL 


03 


Example 8. What is the inductance of each of three 5% 
current-limiting reactances for the 3-phase, 5000-kv-a., 6600- volt 
alternator of Example 4? 

Note: Reactances for star-connectcd alternators have their per- 
centage based on the F-voltage, between each terminal and neutral 
of generator. 


Full-load current through each reactance = 


5000 kv-a. 
V3x6.6kv. 


= 437 amp. 


Volts for each terminal of generator to neutral = -*^5 = 3.S10. 

V3 

Volts across each reactance at full-load = 5% of 3810 = 190.5. 


Impedance of each reactance coil = 


190.5 volts 


= 0.436 ohm. 


.437 amps. 

As the coil is made so its resistance is negligible, the reactance 
is also equal to 0.436 ohm. Therefore, 

T , , React, (ohms) 0.436 

Inductance = ^ - ^ x m = -001157 henry. 

Rating of each reactance 

= current through it times voltage across it. 

= (437 X 190.5) volt-amperes, or 83.3 kv-a. 


Prob. 46 -1. (a) What would be the inherent impedance in per 

cent, for an alternator having 10 per cent reactance and 1 per cent 
resistance? 

(ft) For an alternator having 2.5 per cent reactance and 1 
per cent resistance? 

Prob. 47-1. (a) What would be the power-factor and angle of 

phase difference between the induced e.m.f. and the current that 
r flows immediately after a short circuit on the alternator specified 
in part (a) of Problem 46-1? 

(ft) Of the alternator specified in part (6) of Problem 46-1? 

Prob. 48-1. (a) What per cent of rated full-load current would 

flow immediately after short circuit, in the alternator of part (a) 
Problem 46-1? 

(ft) In the alternator of part (ft) Problem 46-1? Calculate this 
current from the per cent of impedance, and compare with the re- 
sults calculated above in the text when considering only the re- 
actance. 


Prob. 49-1. From the power-factor and the per cent of rated 
current on short circuit, calculate the increase of torque resisting 
rotation of the alternators of Problem 46-1 (a) and (ft) at the mo- 
ment of short circuit, in per cent of torque due to non-inductive 
full-load on the alternator. Note that the speed remains sensibly 
constant. 
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LOADING A GENERATOR: 

(a) CAUSES PARTS OF IT TO HEAT UP. The temperature 
rise limits the load which may be applied. 

(b) CHANGES THE EFFICIENCY, first raising it, then lower- 
ing it as the load is greatly increased. Extra high 
efficiency is usually expensive unless the cost of energy 
is high and the supply limited. 

(c) LOWERS THE TERMINAL VOLTAGE because part of 
the e.m.f. generated is used to overcome the armature 
resistance and armature reactance and because of arma- 
ture reaction. 

ARMATURE REACTION due to the current flowing in the 
armature coils of a generator: 

(a) DISTORTS THE FLUX distribution of the poles by 
crowding the magnetic lines to the trailing pole tip. 

(b) EITHER WEAEJBNS OR STRENGTHENS the poles. It 
may do both in a single-phase machine, alternating at 
a frequency double that of the e.m.f. 

THE SYNCHRONOUS IMPEDANCE of a generator is a 
term used to denote the combined effect of armature reactance 
and resistance and armature reaction upon the terminal volt- 
age of a generator. It equals 

open-circuit v olts, p er phase 
short-circuit amperes, per phase * 
both values corresponding to the same field excitation and speed. 

THE VOLTAGE REGULATION of a generator may be cal- 
culated approximately by the Synchronous Impedance Methods 
This consists of combining vectorially the terminal voltage at 
full-load with the reactance drop and the resistance drop of the 
armature at given power-factor. The result is approximately the 
terminal voltage at no-load. Then: 

r, , (no-load volts) -(full-load volts) w „ 

Regulat.cn (percent) Xloo% * 

64 
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This method of calculation gives a slightly higher or poorer 
regulation than is obtained by actually loading the alternator. 

THE A.I.E.E. METHOD of calculating the regulation con- 
sists of finding graphically the no-load voltage for a field excita- 
tion which will produce the required terminal voltage under 
full-load at given power-factor. The saturation curves at 
no-load and full-load (current) at zero power-factor are used 
in this method. The results thus obtained are very close to the 
values measured on tests. 

THE TIRRILL REGULATOR automatically regulates the 
terminal voltage of a-c. generators by rapidly varying the field 
strength to make the required increase and decrease of the 
voltage. Good inherent regulation is undesirable in large 
machines because the low armature impedance required would 
not sufficiently limit the value of currents through the machine 
whenever it may be short-circuited. 

THE ALTERNATOR FIELD COILS are excited from bus- 
bars fed by direct-current generators. Storage batteries are 
generally employed as a reserve in case of failure of the d-c. 
generators. 

THE POWER CAPACITY of an alternator depends upon 
the current it must deliver to supply the power. To keep this 
current as low as possible for a given amount of power, the 
power-factor should be high. 

FLUCTUATIONS OF LOAD affect the generator capacity 
required. Generator ratings are based on steady load. The 
rating may safely be exceeded if the period of overload is suf- 
ficiently brief. 

LARGE SHORT-CIRCUIT CURRENTS exert tremendous 
mechanical forces upon the parts of an alternator. Therefore, 
the construction of all parts is rugged, and the impedance of 
the armature is high to prevent too large currents. Separate 
current-limiting reactances are also often connected between 
terminals and lines. 



PROBLEMS ON CHAPTER I 

Prob. 60-1. A certain alternator operates steadily at rated 
full-load with the temperature of its armature constant, and 45° C. 
above the room temperature, which is 20° C. 

(a) To what temperature will the armature rise when the room 
temperature increases to 40° C., and load remains constant? 

(b) If the actual temperature of the armature must not be allowed 
to be above 75° C., by what percentage must the current output be 
reduced below rated value to avoid overheating? Assume that 
half of the full-load losses arc constant, the other half are variable 
and proportional to the square of the load or current output. The 
excess of machine-temperature over room temperature is directly 
proportional to the total losses. 

Prob. 61-1. An alternator delivers 100 kw. for 8 hours per 
day, at 93 per cent efficiency; then 150 kw. for 4 hours at 90 per 
cent efficiency; then 50 kw. for 12 hours at 89 per cent efficiency. 
Calculate the all-day efficiency. 

Prob. 62-1. The alternator of Problem 51-1 is used for 12- 
hour service instead of 24-hour service ; that is, it operates as stated 
during the 8-hour and the 4-hour periods, but is shut down com- 
pletely during the remaining 12 hours. What is the all-day effi- 
ciency under these conditions? 

Prob. 63-1. An alternator, operating at 70 per cent power- 
factor, receives 250 horse-power from the engine and delivers 250 
kv-a. from its terminals. What is its efficiency? 

Prob. 64-1. What would be the efficiency of Alternator No. 13, 
page 18, when delivering the same (rated full-load) kv-a. as in 
Table II, but at 80 per cent power-factor instead of 100 per cent? 
Assume the armature copper-loss to be two-thirds of the total 
copper-loss at full-load in Table II. Assume also that the full-load 
field current must be 10 per cent higher at 80 per cent power-factor 
than at 100 per cent power-factor, to keep the same terminal voltage. 

Prob. 66-1. How many more dollars per kv-a. of capacity 
could you afford to pay for Alternator No. 2 than for Alternator 
No. 1 in Table II, page 18 ? Assume the machines to operate at 

66 
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full-load unity power-factor for 12 hours every day. Energy is 
worth one cent per kw-hour. Capital invested in the machinery 
must earn at least 12 per cent to pay “fixed charges” in this plant. 

Prob- 56-1. The saturation curve (between field current and 
open-circuit voltage) of a given alternator is a straight line from 
zero volts up to about 50 per cent above rated voltage. If the 
voltage regulation of this alternator under given conditions is 20 
per cent, by what percentage of its full-load value must the field 
current be increased or diminished when the load is removed, in 
order that the voltage shall not change? By what percentage will 
the I 2 R loss in the field windings at zero-load be greater or less than 
at rated full-load? 

Prob. 67-1. The curve between current output and terminal 
voltage of a given alternator is a straight line. The voltage regu- 
lation at unity power-factor is 10 per cent. What is the maximum 
sudden variation of load (expressed in per cent of rated load) that 
may occur without changing the terminal voltage more than 2 per 
cent of its previous value: 

(а) when operating at full-load; 

(б) when operating at half-load? 

Prob. 68-1. If the load on the alternator in Problem 57-1 
fluctuates suddenly over a range of 25 per cent of rated load, what 
should be the per cent voltage regulation in order that the terminal 
voltage shall not change more than 2 per cent of rated full-load 
voltage? 

Prob. 60-1. If the saturation curve (between field current and 
open-circuit volts) for the alternator of Problem 18-1 were practi- 
cally a straight line from zero volts to 50 per cent above rated 
voltage, calculate the percentage by which the field current must be 
increased above its rated-load value, in order to maintain rated 
terminal voltage with 25 per cent overload, at unity power-factor. 

Prob. 60-1. Solve Problem 59-1 on the basis of a load having 
80 per cent lagging power-factor. 

. Prob. 61-1. By what percentage is the PR loss and rate of 
heating in the field greater than at rated full-load, in Problems 
60-1 and 61-1? 

Prob. 62-1. Draw a vector diagram illustrating a phase rela- 
tion between current and terminal pressure which would make the 
voltage regulation zero, or zero-load voltage same as full-load 
voltage, for the generator of Prob. 18-1. 

Calculate the power-factor of the load, for this case. 
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Prob. 63-1. In Problem 18-1, calculate: 

(а) the power-factor of the entire circuit including the arma- 
ture; 

(б) the total power in the entire circuit; 

(c) the total PR watts lost in the armature; 

(d) the total power generated minus total PR loss. Check this 
last result against the power output as calculated from terminal 
volts and amperes, and load power-factor. Docs the armature 
reactance represent any loss of power, or only loss of pressure? 

Prob. 64-1. Repeat the calculations of Problem 63-1, with the 
same alternator operating as specified in Problem 62-1. 

Prob. 66-1. Solve Problems 28-1 and 29-1 with respect to a 
two-phase alternator. 

Prob. 66-1. The alternator specified in Problem 28-1 has a 
power-factor of 80 per cent for the entire circuit including the arma- 
ture winding. Calculate the values of cross-magnetizing and de- 
magnetizing ampere-turns, on the basis of Fig. 38. Show that 
the number of demagnetizing ampere-turns is directly proportional 
to the component of I which lags 90° behind 2£*. 

Prob. 67-1. Assume that the induced c.m.f. is reduced by the 
demagnetizing effect of armature current, by an amount directly 
proportional to the component of I which is 90° behind the induced 
voltage, and that this amount is 40 per cent at zero power-factor 
with rated full-load current. Calculate the per cent voltage 
regulation, when the alternator of Problem 18-1 delivers full-load 
current lagging 30° behind the induced e.m.f. E%. 

Prob. 68-1. By the synchronous impedance method, calculate 
the terminal voltage of the alternator specified in Problem 31-1, 
when delivering current of rated full-load value at zero power-factor, 
the field excitation being such as would deliver rated full-load 
terminal volts on open circuit. 

Prob. 69-1. By the synchronous impedance method, calculate 
the open-circuit volts of the alternator specified in Problem 31-1, 
corresponding to the field excitation which will produce rated full- 
load voltage at terminals when delivering full-load amperes at zero 
power-factor. 

Prob. 70-1. An ordinary turbo-alternator has a final or 
“sustained” short-circuit current about 2.5 times rated full-load 
current when short-circuited under full-load excitation. The re- 
sistance drop is 1 per cent. The initial short-circuit current is 
20 times normal. Calculate: 
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(а) synchronous impedance (e.m.f.), and 

(б) the synchronous reactance (e.m.f.), each as percentage of the 
terminal e.m.f. at rated load. 

Prob. 71-1. The voltage regulation of the turbo-alternator of 
Problem 70-1 on non-inductive load is found to be approximately 
8 per cent, (a) Calculate by the synchronous impedance method 
(Art. 12) its voltage regulation from the per cent of resistance drop 
and of synchronous reactance drop as calculated in Problem 70-1. 
Compare with the measured value of 8 per cent. (6) Calculate 
synchronous reactance from measured regulation of 8 per cent, IR 
being 1 per cent as in Problem 70. 

Prob. 72-1. Calculate the inherent reactance in per cent, if the 
current that flows immediately after short-circuit is ten times rated 
full-load current of the alternator of Problem 70. 

Prob. 73-1. Draw a vector diagram representing values and 
phase relations of current, terminal e.m.f., resistance e.m.f., re- 
actance e.m.f., and generated e.m.f., at non-inductive rated full- 
load, for the alternator of Problem 71-1. All voltages are to be 
expressed in per cent of rated voltage. Calculate: • 

(«) The angle of phase difference between terminal e.m.f. and 
generated e.m.f. 

(i b ) The component of armature current lagging 90° behind 
generated e.m.f., as a percentage of rated full-load current. 

Prob. 74*-l. Draw a vector diagram similar to that of Problem 
73-1, but representing conditions on short circuit. Calculate: 

(а) Angle of phase difference between current and generated 
e.m.f. 

(б) Component of armature current lagging 90° behind generated 
e.m.f., as a percentage of rated full-load current. 

Note that short-circuit current is 2.5 times full-load current, and 
the terminal e.m.f. is zero. 

Prob. 75-1. Assume that the weakening of useful flux due to 
armature reaction is directly proportional to the component of 
armature current which lags 90° behind the generated e.m.f.* 
(■a) From the diagrams and results of Problems 73-1 and 74-1, 
calculate how many times greater this weakening should be on 
short-circuit than on non-inductive load. (6) How many times 
greater is the synchronous reactance (as calculated from short- 
circuit data) than the reactance as calculated from 8 per cent regu- 
lation and 1 per cent resistance drop on non-inductive full-load 
(when armature demagnetizing effect is relatively small)? 

* See pages 36 (top) and 39 (middle). 
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Prob. 76-1. Actual short-circuit measurements by oscillo- 
graph on nine alternators, ranging in size from 600 kv-a. to 19,000 
kv-a. rated capacity (see Electric Journal, Nov., 1913), showed the 
current immediately after short-circuit to be between 10 and 26 
times rated full-load current. What were the limiting values of 
inherent reactance in this collection of generators, assuming the 
resistance drop at full-load to be 1 per cent of rated voltage? 

Prob. 77-1. The alternator of Problems 70-1 and 72-1 is 
operated at f # of the former speed, keeping the same field excita- 
tion. (a) By what percentage would the inherent reactance and 
inherent impedance be increased over their respective former 
values? (6) By what per cent would the synchronous reactance 
and synchronous impedance be increased over their former values? 

Prob. 76-1. (a) By what per cent would the initial (effective) 

value of short-circuit amperes be altered by the change in speed 
specified in Problem 77 -1? 

(6) By what per cent would the final value of short-circuit 
current be decreased? 

Prob. 79-1* By the synchronous impedance method, calculate 
the per cent voltage regulation on non-inductive load for the gen- 
erator specified in Problem 7Q-1 after making the alteration speci- 
fied in Problem 77-1. 

Prob. 80-1. An external reactance having a drop equal to 5 
per cent of terminal voltage at rated full-load is connected in 
the leads to switchboard from the generator specified in Problem 
72-1. The resistance of this current-limiting reactance is entirely 
negligible. Calculate : 

(а) Total true reactance and total impedance of armature and 
coil together, in per cent of rated voltage of alternator. 

(б) Current flowing through armature and coil immediately after 
short circuit. Compare results of Problem 72-1. 

Prob. 81-1. Calculate the voltage regulation of the alternator 
combined with its reactance as specified in Problem 80-1, on 
rated full-load non-inductive. Use the synchronous impedance 
method of calculation. Draw complete vector diagram to illustrate. 

Prob. 82-1. By what percentage is the initial current on 
short circuit reduced, by connecting a 5 per cent current-limiting 
reactance in series with the leads from an alternator having 10 per 
cent inherent reactance? 

Prob. 88-1. The inherent reactance of a 25-cyclc turbo- 
alternator is 5 per cent. What would be the per cent reactance of 
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this same alternator when operated at a frequency of 60 cycles, 
same voltage? 

' Prob. 84-1. For some purposes current-limiting reactances 
placed in each feeder going out from the bus-bars is considered 
preferable to reactances placed in the generator leads going to the 
bus-bars. The author of a paper in Proc. A.I.E.E., Feb. 1914, 
makes the statement that 5000 kv-a. at 0.8 power-factor flowing 
over a reactance of 3 per cent in a feeder gives a voltage drop of 
approximately 1.9 per cent. Draw a vector diagram to illustrate 
the conditions, and verify this result by calculation. 

Prob. 85-1. In discussion of the paper referred to in Problem 
84-1, an engineer states that his calculations showed, with three- 
conductor No. 000 feeder subject to short circuit of 60,000 amperes, 
that the repulsive force between conductors per running foot was 
approximately one ton. On this basis, calculate the value of the 
repulsive force acting between the same conductors when carrying 
normal full-load current from a three-phase alternator rated 30,000 
kv-a. at 11,000 volts. 

Prob. 86-1. Oscillograph records show that an oil-switch in 
average operation cannot be depended upon to open a short circuit 
in a shorter period of time than 12 cycles on a 25-cycle system. If 
the short circuit is 60,000 amperes, how many grain-calorics of heat 
energy will be generated in one foot length of No. 000 15. & S. gauge 
copper feeder before the circuit breaker opens? flow many degrees 
Centigrade temperature rise will this heat produce in the conductor? 
Assume that no heat is lost during this short time; the specific heat 
of copper is 0.09846. 

Prob. 87-1. Current-limiting reactances are rated in terms 
of kv-a., the product of current through them and kilovolts drop 
across them. 

(n) What would be the rating in kv-a. of one unit of a three- 
phase 5-per cent reactance set for a 25,000 kv-a. generator ? 

(6) Show that the kv-a. of a reactance varies as the square of the 
current through it. 
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ALTERNATORS IN PARALLEL 

It is more economical to produce electric power in large 
power plants than in small plants (for explanation, see 
Chapter I). Also, large generators, and engines or turbines, 
are more efficient and economical than smaller ones. There 
are numerous central stations with an aggregate rated 
capacity over 100,000 kv-a., and there are numerous turbo- 
alternators as large as 25,000 kv-a. rated capacity. It 
requires several generators (even of the largest size that 
can be built), therefore, to carry the load of one of the 
larger stations. Even in a smaller station, the total re- 
quired capacity is divided into several units, so that only 
enough capacity need be in operation at any hour of the 
day to be nearly fully loaded by the power demand at 
that hour. This results in a higher efficiency than would 
be obtained with fewer and larger units operating under- 
loaded during the hours between the peak loads. 

Each generator in the power plant delivers its output 
(through a set of devices for controlling and measuring the 
load of the generator and protecting the system from trouble) 
to a set of common conductors called bus-bars. Each of the 
feeders, which transmit the power to the centers of distri- 
bution or substations from which it is retailed, is connected 
to these bus-bars through the necessary switches, regulators 
and meters for controlling and measuring the output of the 
station and protecting the feeders from damage in case of 
short-circuits on them. The system of connections for a 
complete plant having several generators and feeders and 
with all their auxiliary equipment is too complicated to be 
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introduced here. We shall discuss only the alternating- 
current features of the interaction between the generators, 
using for illustration a very much simplified diagram of 
connections. 

18. Alternators in Parallel. Practically all American cen- 
tral stations are committed to the parallel system of dis- 
tribution at constant voltage. In order to keep a constant 
voltage while a varying number of generators supply the 
power, it is necessary to connect them in parallel with one 
another. When so connected, the terminal voltage of all 
generators must be the same (equal to the voltage between 
the common bus-bars), and the total current delivered 
through the bus-bars to the load should be equal to the 
(arithmetical) sum of currents delivered by the armatures 
of the several generators. However, incorrect adjustments 
may cause to circulate between the armatures local currents, 
which never reach the external circuit and therefore con- 
tribute nothing to the useful output of the station, although 
they increase the heating of the armatures and correspond- 
ingly reduce the amount of useful current which the alter- 
nators can deliver. 

We must, therefore, understand clearly the following 
factors of satisfactory parallel operation of alternators: 

(1) How to connect the alternator properly to the system, 
or “cut it in” as operators often say. Also, how to take it 
out of service properly. 

(2) How to transfer load from one alternator to another 
in parallel. 

(3) How to adjust for minimum armature current and 
heating, in each alternator, while carrying a given load; or, 
how to get maximum kilowatt capacity and efficiency in 
the alternators which are operating. 

19. Similarities in Direct-current Parallel Operation. 
Before we may properly connect two batteries in parallel 
(as Gi and G 2 in Fig. 47), we must know that their voltages 
are nearly equal. Then we connect the positive poles to- 
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gether to one line wire B\, and the negative poles together to 


the other line wire B 2 
connected between B\ 


I 


— G» 


The current taken by any load li 
and B 2 will be shared equally by G\ 
and (? 2 , if the internal or generated 
voltages of the two batteries are 
equal and their internal resistances 
are also equal. This is necessary in 
order that the terminal voltages 
may be equal, which is essential 
for a parallel combination. If the 
open-circuit voltage of Gz is larger 
than that of Gi but the internal 
resistances are equal, then when 
they are connected in parallel, Gz 
will deliver enough more current 
than (7i to make its terminal volt- 
age equal to that of Gi by reason of the greater internal rl 
drop. 


B, 

Fia. 47. The c.m.f.’s and 
the internal resistances of 
the two batteries G » and G% 
must be equal if they arc 
to deliver equal currents 
when connected in par- 
allel. 


If now the external resistance is decreased so as to take 
30 amperes more, the batteries will divide this increase 
equally between them as long as the internal resistances arc 
equal. The terminal voltages were equal before the change, 
and must be so after the change, hence the increase of rl drop 
must be the same in both batteries; and since the resistances 
arc equal, the increases of current must also be equal. Rut 
if the internal resistance of Gz is twice as great as that of 
G\, the increase of current in Gz will be only one-half as great 
as the increase in Gy) that is, Gz will increase 10 amperes and 
G\ will increase 20 amperes. The same reasoning will show 
that the terminal voltages of Gi and Gz cannot be equal 
unless this is so; the currents will continue to change, and 
we shall not have equilibrium, until the terminal voltages 
are equal. 

Thus we see that the automatic sharing of changes of load 
depends upon the relation of internal resistances, whereas 
the initial distribution of the load is controlled by the relation 
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between the generated or open-circuit voltages. If these 
voltages were exactly equal, no current would flow in either 
machine when the external circuit R is opened; both bat- 
teries reach zero-load at the same time. But if the voltage 
of G 2 is larger than that of Cn, then G 2 will force a current 
through Gi in a direction opposite to the c.m.f. of the latter, 
when the external circuit is open; that is, G 2 delivers power 
and Gi receives it. 

The case of direct-current generators is quite similar, as 
illustrated in Fig. 48. Suppose Gi is connected to the bus- 
bars and delivering current to a Bi 
load RL . While G 2 is running 77 T 

at constant speed, we adjust its fc fe A \ I 

field current (by rheostat R 2 ) 1 vip p fe) R ; \ y 1 L 

until its open-circuit voltage is : 

equal to the bus-bar voltage or L 

the terminal voltage of the other Fig. 48. The e.m.f.’s and the in- 
generator. We then connect tcriml resistances of the direct- 

the + pole of Gi to the + bus, current K encratr,m C, and (1, 

... . - „ , . . should be the same in order for 

and the - pole of G 2 to the - them to operatc wc „ in par . 

bus. The e.m.f. of G 2 just bal- all el. The load of eachiscon- 

ances the bus voltage, and G 2 trolled by means of its field 

neither delivers nor takes cur- rheostat which changes the 

rent. If now the induced volt- voltage generated, 
age of G 2 is increased, it causes G 2 to deliver some current 
to the load. The total load current remains the same as 
before, therefore the current output of G\ decreases just as 
much as that of Gt increases. These changes cause the termi- 
nal voltage of G 2 to fall below the induced voltage, and that of 
Gi to rise above its former value, on account of changes in their 
respective rl drops and armature reactions. The current of G 2 
will continue to increase, and that of Gi to decrease in equal 
amount, until the terminal voltages of G\ and G 2 are again 
equal; then the currents will become constant. The voltage 
between bus-bars will be increased slightly by this adjust- 
ment. If we raise the field excitation of G 2 far enough we 
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can make it take all of the load and force current through G\ 
in opposition to its induced e.in.f., thus running Gi as a motor. 

When the load increases on the system shown in Fig. 48, 
the sharing of the increase will depend upon the relative 
voltage regulation of the two generators. Suppose the ter- 
minal voltage of G 2 decreases 1 volt per 100 amperes de- 
livered, and that of Gi decreases 2 volts per 100 amperes. 
If the external load RL increases by 30 amperes, the current 
delivered by G 2 will increase by 20 amperes and the current 
output of Gi will increase by 10 amperes. This will cause the 
same decrease of terminal voltage for both machines (namely, 
0.2 volt) and will keep the terminal voltages equal. 

Variations in the speed of G\ and G 2 affect the distribution 
and sharing of load, only in so far as these variations affect the 
e.m.f. induced in the armatures, and the inherent voltage 
regulation. The actual value of the speed is immaterial; 
we control the load by controlling the voltage, and generators 
of any speed may work together satisfactorily in parallel. 

Example 1. A storage battery of 0.03 ohm internal resistance 
which gives 12 volts on open circuit is connected in parallel with 
another hattery of 0.04 ohm internal resistance which gives 12.2 
volts on open circuit. What current is each delivering when the 
load on the combination is 20 amperes? 

Construct Fig. 49. 

The current delivered by B = x amp. 

The current delivered by A — 20 — % amp. 

Voltage across B = 12.2 — 0.04 x. 

Voltage across A — 12 — 0.03 (20 — x). 

But the terminal voltage across both batteries must be the same 
since they arc in parallel. 

Therefore 

12 - 0.03 (20 - x) = 12.2 - 0.04 x 
12 - 0.6 + 0.03 x - 12.2 - 0.04 x 
0.07 x ~ 0.8 
0.8 
X ~ 6.07 

Current delivered by B 11.4 amp. 

Current delivered by A = 20 — 11.4 
= 8.6 amp. 
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Prob. 1-2. A storage battery which has an internal resistance 
of 0.024 ohm and gives 6.00 volts on open circuit is connected in 
parallel with another battery which has the same internal resistance, 
but which gives 6.20 volts on open circuit. Draw curves, using as 
abscissas the total amperes delivered to the external circuit, and as 
ordinates the following: 

(а) Amperes in 6.0-volt battery. 

(б) Amperes in 6.2-volt battery. 

(c) Terminal voltage. The external current increases from zero 
to 100 amperes. 



ternal resistances are connected in parallel. 

Prob. 2-2. A storage battery which has an internal resistance 
of 0.024 ohm and gives 6.00 volts on open circuit is connected in 
parallel with another battery which gives the same open-circuit 
voltage but has an internal resistance of 0.030 ohm. Draw curves, 
using as abscissas the total amperes delivered to the external circuit, 
and as ordinates the following: 

(а) Amperes in 0.024-ohm battery. 

(б) Amperes in 0.030-ohm battery. 

(c) Terminal voltage. The external current increases from 
zero to 100 amperes. 

Prob. 3-2. A storage battery which has an internal resistance 
of 0.024 ohm and gives 6.0 volts on open circuit is connected in 
parallel with another battery which has an internal resistance of 
0.030 ohm and gives 6.2 volts on open circuit. Draw curves, using 
as abscissas the total amperes delivered to the external circuit, and 
as ordinates the following: 

(а) Amperes in the 6.2-volt battery. 

(б) Amperes in the 6.0-volt battery. 

(c) Terminal voltage. The external current increases from zero 
to 100 amperes. Compare these results with those of Problems 
1-2 and 2-2. 
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Prob. 4-2. If the maximum current that may be taken from 
either battery in Problem 1-2 without injury is 50 amperes, cal- 
culate: 

(«) The terminal voltage and watts output of each battery 
when operated separately and delivering its maximum current. 

(6) The total maximum watts output of the two batteries when 
operated separately. 

(c) The maximum total watts output when operating in parallel. 
Compare ( b ) and (c), and discuss therefrom the disadvantages of 
parallel operation without adjustments. 

Prob. 6-2. Solve Problem 4 with relation to the batteries 
specified in Problem 2, and discuss therefrom the disadvantages 
of paralleling generators having dissimilar characteristics. 

Prob. 6-2. Solve Problem 4 with relation to the batteries speci- 
fied in Problem 3. 

20. Synchronizing and Paralleling Alternators. The 

simplest possible connections for paralleling two single-phase 
alternators are shown in Fig. 50. Before the main switches 
<S may be closed, connecting the armatures together through 
the bus-bars B\, B 2 , the following relations should be obtained, 
at least, approximately : 

(1) The induced e.m.f. ’s of the armatures A i and A 2 must 
be equal. As the c.m.f.’s alternate, this should be true 

at every instant. 

(2) Similar terminals of A i and A 2 must be connected 
to the same bus-bar. Similar terminals mean arma- 
ture terminals which are positive at the same time, 
and negative at the same time. 

Notice that these requirements are like the requirements for 
paralleling direct-current generators. However, in order 
that the alternating e.m.f.’s shall be equal at every instant we 
must have: 

(la) The frequency of A\ equal to the frequency 
of A-2. 

(15) The e.m.f. of A\ in phase with the e.m.f. of A 2 . 

(1 c) The wave-form of A\ the same as the wave-form 
of A 2 . 
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The apparatus ordinarily used to indicate whether these 
conditions, except “ lc/' arc fulfilled are a voltmeter and some 
form of “ synchronoscope,” or synchroscope. The latter, is a 
device to indicate when the alternator is in synchronism and 
in phase with the bus-bars to which we desire to connect, it. 
Two alternators are in synchronism with each other when 



Fi«. 50. Simple diagram showing the essential apparatus used in par- 
alleling two alternators. 

they have the same (constant) frequency. The simplest 
form of synchroscope is the “synchronizing lamps/' LL , 
Fig. 50. 

Consider that /Si is closed and alternator A\ is producing 
an alternating e.m.f. between bus-bars B u i? 2 , but all feeders 
are disconnected and no current is flowing. In order to 
connect At in parallel, we first bring up its speed until the 
frequency is nearly the same as that of A \ or of the bus-bars. 
We then adjust the field current of A 2 until its effective 
voltage is nearly equal to that of A\. It is customary, and 
preferable, to use the same voltmeter to measure both volt- 
ages, connecting it by means of a voltmeter-switch first 
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to the armature terminals of A i or to the bus-bars, and then 
to the armature terminals of A 2 as indicated in Fig. 50. 
Although the main switch S 2 is open, the armatures Ai and 
A 2 are joined together through the synchronizing lamps 
which are permanently connected in parallel with the switch 
blades, as shown. The behavior of these lamps now indi- 
cates quite accurately what further adjustments must be 
made before closing S 2 . Thus: 

(1) If the lamps become bright and dark alternately, it indi- 
cates that the frequencies of Ai and A 2 are different. The 
number of light-beats per second is equal to the difference 
between these frequencies. The lamp does not show which 
alternator is too fast or too slow; the speed of the incom- 
ing machine A 2 must be raised or lowered until the light 
and dark periods are long and follow each other very 
slowly. 

(2) While the lamps are dark, when connected as in 
Fig. 50, they indicate that the resultant voltage of A x and 
A 2 in scries is nearly zero, or that the voltages e x and e 2 are 
nearly equal at all instants, and in the same direction 
with respect to the bus-bars or in opposite directions with 
respect to each other in the local circuit between the arma- 
tures. If the lamps remain dark, we infer that the effective 
voltages Ei and E 2 are equal and in phase (with respect to 
the bus-bars), ahd the alternators are in exact synchronism. 
However, it may mean that the filament of one of the lamps 
has broken; therefore, we prefer to adjust the speed of A 2 
so that the lamps brighten and darken slowly, and close the 
switch S 2 at about the middle of a dark period. In this way 
we have more recent evidence that the lamps are in good 
operating condition. 

(3) If the lamps stay bright, it may mean that: 

(а) E 2 is greater or less than E X) and the alternators are 
in synchronism, either in phase, or out of phase. 

(б) E 2 is greater or less than E x , and there is great differ- 
ence between the frequencies. In this case there is a 
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tendency for the light to flicker, which may not be per- 
ceptible to the eye if the frequencies differ sufficiently, 
(c) The alternators are in synchronism but out of 
phase; in this case, there may be any relation be- 
tween the effective values of E x and E 2 . 

In any such event the speed of the incoming alternator, A 2} 
should be varied until the brightness of the lamps changes 
slowly; then its voltage E 2 should be raised or lowered until 
the lamps become quite dark between bright periods. Thus 
we attain the condition described in (1), and we close the 
switch S 2 as described in (2). The switch should never be 
closed while the lamps are bright, because the brightness 
indicates a considerable voltage between points which would 
be short-circuited by the switch blade. 



Fig. 51. Wave-form E* completes 7 cycles while Ei completes 8. These 
in subtractive series produce resultant Eh . 

The reason why the synchronizing lamps L brighten and darken 
alternately when the frequencies of E% and E 2 differ, as explained 
under (1) above, is illustrated in Fig. 51a and 51b. The former 
shows the two e.m.f. waves, having the same wave-form and same 
effective value, but differing in frequency; E% completes 7 cycles 
while Ei is completing 8 cycles. The e.m.f. which lights the lamps 
is the resultant in the local circuit formed by the armatures A\ and 
Aa in series; and as Fig. 51a is drawn on the assumption that the 
positive direction of e.m.f. in both armatures is toward the same 
bus-bar, the local resultant is the vector difference between Ei and 
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Et, and we must reverse E 2 before adding it to E x . After doing this, 
we obtain the curve shown as Er in Fig. 51b, which represents the 
e.rn.f. acting on lamps L 2 L 2 in series. In the time during which E 2 
completes one less number of cycles than E x% the c.m.f. acting on the 



Fig. 52. Wave-forms Ei and E 2 are now completing the same number 
of cycles per second. They have a phase difference of 180° and the 
resulting voltage is zero. The synchronizing lamps are therefore dark . 


lamps is alternating rapidly but its effective value increases from 
zero to a maximum and back to zero again (as indicated by the 
dotted line in Fig. 51b). This causes the lamps to brighten and 
darken correspondingly; thus, if the frequency of E x is (50 cycles 

^ per second, and that of E 2 is J of 

E a E r Ei 60 or 52^ cycles per second, then 

Fin. 53. Vector diagram of con- *>' e brighten 00 - 52.5 or 

ditions in Fig. 52 showing that ^ tunes per second. 

the resulting voltage is zero. Now *P ced U P u,,til fre- 

quency equals that of Ai (namely, 
60 cycles per second), meanwhile keeping E 2 equal to E x . When 
this is accomplished, we may find E 2 directly opposed to E x at every 
instant and the resultant Er nearly zero as shown in Fig. 52. Or 
we may find E 2 nearly in phase with E x in the local circuit between 



Fig. 54. Ei and E 2 complete the same number of cycles per second, but 
E x leads E 2 by about 60°. The resultant voltage Er keeps the syn- 
chronizing lamps glowing. 


the armatures, and the resultant Er nearly equal to (E 2 E x ), 
as shown in Fig. 54. In the case shown in Fig. 52 the lamps remain 
dark, as stated under (2) above. In the case of Fig. 54 the lamps 
remain bright, as stated under (3c) above. Wc may pass from the 
condition of Fig. 54 to that of Fig. 52 by speeding up or slowing 
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down A 2 very slightly until E 2 comes in opposition to E u then 
changing the speed back again to synchronism. 

When A 2 and A i are in synchronism and in phase but E 2 is greater 
than E\ y we have the condition stated under (3a) above and shown 
in Fig. 56. A resultant e.m.f. Er 
acts on the lamps, equal to the 
arithmetical difference between E* 
and E\. This e.m.f. Er lias a 
constant effective value and the 
same frequency as E 2 and E x ; 
therefore, the lamps L 2 L 2 will ^8 

glow steadily. An incandescent Fig. 55. The vector diagram of 
lamp will not emit light when the conditions of Fig. 54, show- 

thc voltage (Er) is less than ing that E t and E % have a 

about 40 per cent of the rated resultant Er, which keeps the 

voltage of the lamp; this is # tlie synchronizing lamps glowing, 

reason why we wait until the 

middle of a dark period before closing the main switch S 2} so as to 
be quite sure that Er is as small as possible. 

When E 2 and Ei arc not in synchronism and are unequal in value, 

E a Er Ej 

Fig. 50. The voltages Ei and E 2 complete the same number of cycles 
per second and have a phase difference of 180°, with respect to each 
other, but E 2 is greater than E\. 

the lamps indicate as explained under (3b) above. Suppose the 
frequencies arc as shown in Fig. 51a. Then E 2 falls behind by 1 
cycle while E\ passes through 8 cycles, or, for each cycle passed 

\ 

e; e: ^ 

Fjuj. 57. Vector diagram showing derivation of resultant voltage act- 
ing on synchronizing lamps when the e.m.f. *s of the generators are 
unequal in value and of different frequency. This diagram shows 
conditions at the time when El is minimum. 

through by Ei, E 2 lags J cycle further behind E\. Fig. 57 repre- 
sents conditions at the instant when the e.m.f. Eli acting upon the 
lamps, has its minimum value. Fig. 58 shows conditions at the 
instant when Ei has completed one more cycle; Fig. 59 after still 
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another cycle of Ei, and so on. Comparing Fig. 57 and 60, we 
see that the effective value of El varies between a minimum equal 
to (Et — and a maximum equal to (Et + E\), the number of 



Fig. 58. The voltage across the lamps has this value of El when Ei 
has completed one cycle more than in Fig. 57, and is 1 cycle further 
ahead of E t . 



\ 


Fig. (50. The voltage wave Et has completed two more cycles sinfie 
Fig. 50, and is i cycle further ahead of This causes E 2 and Et to 
be momentarily in phase and the resulting voltage El is a maximum. 

fluctuations per second of this resultant being equal to the difference 
between the frequencies of Et and E\. 

Consider now what happens when E% and Et have the same 
effective value and are in synchronism and in phase, but have 
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different wave-forms. Thus lei the wave of c- l»c extremely peaked, 
as shown in Fig. 61, ami the wave of Ci he extremely flat, as shown 
in Fig. 02. The resultant c.m.f. (c r ) in the local circuit between 



Fm. 02. An extremely flat-top wave-form. 



I'm. 03. Curve* «> is the resulting curve when e.m.f. of wavi»-form in 
Fig. 01 is joined in series with the e.m.f. of wave-form in Fig. 02. The 
two e.m.f. are in synchronism and have a phase difference of 1S0°, 
and have the same effective value. Note that the resultant voltage 
is not zero, however. 

the two armature's, where c-. and #; i act in series, must always have 
an effective value greater than zero, as illustrated in Fig. 63. It 
would he iinfiossihle to find an adjustment of values or phase rela- 
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tion of e\ and r 2 which would eliminate this resultant e.m.f. c r as 
long as t he* wave-forms of a and c 2 arc* different. 

Example 2. Alternator A t in Fig. 50 has a terminal e.m.f. of 
110 volts of sine wave-form, and has a frequency of 50 cycles, .la 
has a terminal e.m.f. of 1 12 volts of sine wave-form, and a frequency 
of 01 cycles per second. When Si is closed and S-> is open: 

(a) What is the greatest effective voltage across each lump, 
assuming that they are all alike? 

(5) llow many light-beats occur each second? 

Solution. 

(c/) The greatest effective voltage across the lamps is always the 
sum of the effective e.m.f. \s of the two generators. 

Ei { Ei = 110+1 12 
=- 222 volts. 


But when S\ is closed, two lamps (/.«/<«) are in series so that the 

220 

greatest effective voltage across each lamp i» = 111 volts. 


(b) The number of light -beats per second always equals tin* 
difference between the frequencies of tin* generators. In this case 
it equals 01 — 59 - 2 light-beats per second. 

Prob. 7-2. Each alternator shown in Fig. 50 generates an 
harmonic e.m.f. of 220 volts effective value. The frequencies are 
00 and 5S cycles per second. S t is closed and N, open. 'The syn- 
chronizing lamps are all alike. 

(ft) What is the greatest effective voltage across each lamp /,..? 

(b) llow many of these* maxima per minute* 0 

(r) What should be the* ratcel voltage of each lamp in orelcr to 
avoid burning it eait prematurely? 

Prob. 8 -2. Each alternator in Fig. 50 generates an harmonic 
e.m.f. e>f 00 e*ycle»s fre*e|iie*ne*y. *S’i is closed and S 2 open ; all lamps 
L are alike*. The* terminal e*.m.f. of A { is 210 ve>lts and of .l-» is 
200 volts, effective value's. What is the* e*ffee'tive* voltage* ae*re>» 
each synchronizing lamp L 2 : 

(n) Wheat the phase* difference be*twe;en E\ and E> is sue*h that 
this voltage* is greatest? 

(b) When this voltage; is minimum? 

Prob. 9 2. The* wave-form e>f e.m.f. in each alternator of Fig. 
50 is harmonic, but .li generates an effective* value* e>f 210 volts at 00 
cye'lcs per soconel, while* A 2 generates an elTe*e*tive* value* of 200 volts 
at 5S cycle's pe*r second. I)e*seribe the be*havior e>f e*ae*h lamp auel 
calculate maximum and minimum values of the effective voltage* 
across it. Both switches SiS 2 are* open. 
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Prob. 10-2. One alternator of Fig. 50 generates an e.m.f. wave 
of the form shown in Fig. 62, and the other generator an e.m.f. as 
shown in Fig. 61. The voltmeter indicates 220 volts across each 
alternator on open circuit. The alternators are in synchronism and 
in phase, as shown in Fig. 63. Calculate: 

(a) The maximum instantaneous e.m.f. of A%. 

(5) Maximum instantaneous e.m.f. of A 2 . 

(c) Effective value of e.m.f. acting in local circuit of armatures, 
across LzLiJj\Li. 

Prob. 11-2. Draw the wave of resultant e.m.f. in the local 
circuit between the alternators of Problem 10-2 for the phase rela- 
tion which makes the effective value of this resultant the greatest. 
Calculate this greatest value in effective volts. 

21. Synchronizing Currents. Phantom Load. We have 
gone into details regarding this resultant e.m.f. Er in the 
local circuit between armatures, because it determines what 
happens when the main switch S is closed. In general, we 
may state that whenever the wave-forms, or the frequencies, 
or the effective voltages of the two alternators arc not exactly 
the same, or when they are not exactly in phase, there will 
be a resultant e.m.f. which causes a current to circulate 
between the armatures as soon as the main switches are 
closed. As the synchronizing lamps LL are short-circuited 
by the switch blades, the only reactions limiting the amount 
of current that flows through the local circuit of the armatures 
are those due to resistance, inherent reactance and the arma- 
ture reaction of the armature-currents. As these factors are 
relatively small, slight differences between E 2 and E\ produce 
large values of this circulating current, which is called the 
synchronizing current. 

The action of the synchronizing current upon E 2 and E\ 
is always such as to reduce Er; thus, the synchronizing 
current limits itself and tends to reconcile the differences 
between E 2 and E if making the alternators operate together 
more smoothly. However, the synchronizing current heats 
the armatures, and a relatively small difference between E * 
and Ei is sufficient to reduce seriously the capacity of the 
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armatures for delivering useful current to the external load. 
The synchronizing current is superposed upon any load cur- 
rent which either alternator may be delivering to the external 
circuit. This subject will be considered in the next article. 

While the feeders are disconnected, let us examine the 
synchronizing current due to a poor adjustment of E 2 and 
Ei, and the effects which it produces. Consider Fig. 56, 
where the e.m.f.’s are in synchronism and in phase with re- 
spect to the bus-bar voltage and are both of harmonic wave- 
form, but E 2 is greater than Ei. Assume that E 2 = 2200 
volts, Ei = 2000 volts. Synchronous reactance of each arma- 
ture = 2.0 ohms; resistance of each armature = 0.2 ohm. 
Then, assuming that the resistance and reactance in the bus- 
bars and in the leads from armatures to switchboard arc neg- 
ligibly small or are included in the above figures we have: 
Total resistance in local circuit of armatures = 0.2 + 
0.2 = 0.4 ohm. 

Total (synchronous) reactance, including inherent react- 
ance and armature reaction = 2.0 •+- 2.0 = 4.0 ohms. 
Total (synchronous) impedance — V (0.4) 2 + (4.0) 2 = 
VlG.16 = 4.02 ohms. 

Then, from Fig. 56, we sec that: 

Er = E 2 — Ei = 2200 — 2000 = 200 volts, effective 
value. 

Synchronizing current </,) = Tm^d. = 02 

= 49.8 amperes (R.M.S. value). 
This current lags behind the e.m.f. Er which produces it, 
by an angle 0, whose value depends upon the ratio of re- 
actance to resistance in the local circuit. Thus, in Fig. 64, 
tan 0° = 

t otal synchrono us reactance of l ocal circ uit in ar matures 
total resistance of local circuit in armatures 

= 1^ = 10 
0.4 ’ 

e = 84° 18'. 


or 
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Now, Is in this case is almost wholly reactive with respect 

to the e.m.f.’a of both alternators. Thus, if 

P 2 = power developed by Is in flowing through armature 
which generates E 2 

and 

Pi = power developed by Is in flowing through armature 
which generates E lf 

then 

1\ = Is X E 2 X cos 9 = 49.8 X 2200 X 0.09932 
— + 10,890 watts 

and 

P, = I S X EiX cos (180° - 9°) = 49.8 X 2000 X 
( — 0.09932') - - 9900 watts. 


Is 



Fi j. C>4. 'flu* synchronizing current Is must lag behind the voltage Ek 
by an angle 0 whose value depends upon the ratio between reactance 
and resistance of armature circuits. 

Positive power signifies generator action, and negative 
power signifies motor action. When the induced e.m.f. of 
any dynamo produces a current (in the same direction as the 
e.m.f., of course), the magnetic force exerted between this 
current and the field is such as to oppose the motion which 
produces the e.m.f. (Lenz’s Law). Therefore, it follows that 
whenever a current flows through the conductors in the 
direction opposite to the e.m.f. which is being induced in 
them, the force action is also opposite; therefore, it helps to 
produce the rotation by which the e.m.f. is induced. In 
other words, we have motor action whenever the current 
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flows in direction opposite to the induced e.m.f., and genera- 
tor action whenever the current flows in the same direction 
as the induced e.m.f. These facts underlie the operation of 
the synchronous motor, as will be seen. 

In the present case, we see that 10,890 watts of electrical 
power are generated in the higher-voltage alternator, A 2 , of 
which 9900 watts go to produce motor action in Ai. The 
remainder, 10,890 — 9900, or 990 watts, represents the power 
transformed into heat by the current Is flowing against the 
resistance of the two armatures. That is, I 2 R — (49.8) 2 X 
0.4 = 990 watts (check). The 9900 watts of motor action 
in the lower- voltage alternator Ai tends to push it ahead in 
the direction of rotation. Rut the instant that the vector 
E\ advances with respect to vector E 2 the resultant e.m.f. 
Er and current Is are changed, and in such manner that 
the power input to Ai (and motor action produced thereby) 



Fia. 65. Voltage Ei has advanced 15° toward E 2 . Er has therefore 
become larger than in Fig. 64, also more nearly in phase with E\. Is 
has proportionally increased and is more nearly in phase with E x . 

are reduced. Therefore, Ei will advance on E 2 just far 
enough to reduce the electrical power intake of Ai to an 
amount which is sufficient to hold A 1 at synchronous speed; 
then we shall have equilibrium and Is will be constant. 
Thus, in Fig. 65 vector Ei has advanced in phase about 15° 
with respect to vector E 2 ; notice that the synchronizing 
current Is is thereby increased in value (in proportion to 
Er , which is increased by the change of phase relation be- 
tween E 2 and Ei), and thrown more nearly in phase with 
Ei. Even this slight advance of 15° by E\ changes Pi from 
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negative (motor action) to positive (generator action), and 
changes A* from generator to motor. As both alternators 
are being driven by their engines at exactly the same fre- 
quency, the phase displacement will not proceed far enough 
to produce any motor action, but only far enough to reduce 
•the motor action to a zero value. Hence the phase advance 
of Ei due to the motor action of the synchronizing current 
that flows immediately after the switch is closed under the 
condition shown by Fig. 64 will be stopped long before it 
has amounted to 15 electrical degrees. 

The most important action of the synchronizing current 
(Is, Fig. 64), due to inequality of alternator voltages, is now 
to be noted. Is leads the induced e.m.f. E\ of the lower- 
voltage alternator by nearly 90°, and it lags behind the in- 
duced e.m.f. E 2 of the higher voltage alternator by almost 
90°. We have seen (Art. 9) that when the armature cur- 
rent lags 90° behind the induced e.m.f. it exercises a rela- 
tively strong demagnetizing influence, and when it leads 
the induced e.m.f. by 90° it tends to strengthen the field. 
Hence, we see that Is will weaken the field of A 2 and hereby 
reduce E 2f while at the same time it will strengthen the field 
of A i and increase E%. Therefore, E 2 and E x will be made 
more nearly equal to each other by the armature reactions 
due to Is) and as E 2 approaches E x in value, Er is reduced. 
Here again we see the wonderful self -adjustment of the alter- 
nator; the synchronizing current limits itself automatically by 
bringing about within the machines such actions or reactions 
as shall make their e.m.f.’s more nearly as they should be. 

Prob. 12-2. Before closing the switches in Fig. 50, alternator 
A\ Is generating 220 volts and A» is generating 190 volts. The 
switches were closed when the synchronizing lamps were at the 
middle of a dark period, but such a small difference of voltage could 
not be indicated by the lamps, and was not noticed on the voltmeter 
as it should have been. Each alternator is rated 100 kv-a. 220 
volts, and has a resistance of 1 per cent and inherent reactance of 
10 per cent. Calculate for the instant immediately following the 
switching, with no load on the bus-bars: 
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(а) Amperes flowing in both armatures after switches are closed. 

(б) Terminal voltage of each armature. 

Note that these two terminal voltages should be equal; this 
furnishes a check on your work. Draw vector diagrams showing 
how the terminal voltage of each alternator was obtained. The 
wave-form of each generator is harmonic. 

Prob. 18-2. From the data and results of Problem 12, calculate 
the values of the following quantities the moment after the switch 
is closed, and before the alternators adjust their phase relations. 

(а) Electrical power generated in one alternator. 

(б) Electrical power output from terminals of this alternator, or 
input to terminals of the other alternator. 

( c ) Electrical power used to overcome induced (counter) e.m.f. 
of other alternator, or to develop mechanical power in its rotor. 

(d) I 2 R loss, in each armature. 

Check your work by comparing (d) with the difference between 
(a) and (6), or between (b) and (c). 

Prob. 14-2. If each lamp L 2 in Fig. 50 is rated 220 volts and 
its filament does not become visible until the voltage reaches 90 
volts, what is the maximum difference that may exist between the 
effective values of terminal e.m.f. in the two alternators, while the 
lamps still appear to be dark during the synchronizing process (Si 
closed, S 2 open)? If the switches are closed when this difference 
of voltages exists with the lower-voltage machine running light but 
adjusted to 220 volts, calculate the results called for in Problem 
13-2. Conditions, other than voltage, proper for paralleling. 

Prob. 16—2. Calculate the results called for in Problem 13-2, 
after equilibrium has been established. Assume that the prime 
movers have exactly the same load-speed curve (flat, with speed 
regulation of 1 per cent). 

22. Synchronizing Power. If one alternator happens to 
be ahead of the other in phase at the moment of closing the 
main switch (S, Fig. 50), a local synchronizing current will 
flow which takes electrical power from the machine that leads 
and delivers it to the machine that lags. Thus, the for- 
mer tends to be pulled back by generator action, while the 
latter tends to be pushed ahead by motor action, and the 
two e.m.f. ’s come more nearly into phase. But while this is 
occurring, the resultant e.m.f. Er is being reduced, because 
it is produced by the phase difference between E« and Ei, 
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with respect to the bus-bars. And as Is is directly propor- 
tional to Er we see again that the synchronizing current 
tends to limit itself, as it brings the alternators more nearly 
into their proper relation to each other. 

For instance, suppose that we close the main switch at a 
moment when E\ is 15° in advance of its proper phase relation 
to E 2l as shown in Fig. 65. The resultant ejn.f. is Er and 
the local synchronizing current is Is. If the values of E 2 and 
Ei are known, and the angle E 2 OEi between them, it is simply a 
problem in trigonometry to find the value of Er, also the phase 
angle between Er and E 2 or E\. From the total synchronous 
reactance and total resistance of the armature circuit we 
calculate the angle 0. Then, we are able to find the value 
of the angle between Is and Ei, or between Is and E 2 . The 
value of Is (in amperes) is equal to Er (in volts) divided by 
the total synchronous impedance (in ohms) of the circuit be- 
tween armatures. Then 

Pi == E\Is cos a and P 2 = E 2 Is cos 0. 

Notice that Pi is positive, representing generator action, and 
that P 2 is negative, representing motor action. This results 
in pulling vector Ei back in clockwise direction and pushing 
vector E 2 ahead in counter-clockwise direction, thus bringing 
them more nearly into diametrically opposite phase relation, 
as they should have been before the switch was closed. The 
total power transformed into heat in the armatures should be 
I % (Pi + P 2 ) = Pi + P 2 = ( Eils cos a + E 2 Is cos/3). 

The mechanical power P which is interchanged between the 
machines when they are out of phase and which tends to bring 
them into phase, is a very important factor in parallel opera- 
tion of alternators. It is called the synchronizing power. Par- 
allel operation is always more satisfactory when the alternators 
are designed so that a small change of phase relation between 
Ei and E 2 produces a large amount of synchronizing power. 
By comparing Fig. 66 with Fig. 65, we see that this desir- 
able condition is obtained when the reactance of the arma- 
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tures is large compared with their resistance, because then 
the angle 0 is large, which makes the angle a small and the 
angle {3 large for a given phase difference between E 2 and Ei 
and a given value of synchronous impedance. Thus, if 
difficulty is experienced in keeping alternators in parallel, 
conditions may be improved by inserting reactances in series 
with the armatures (similar to current-limiting reactances) 
provided the resistance is not increased in proportion. How- 
ever, if the reactance is made too large, the amount of the 
synchronizing current is reduced more than its power-factor 
is increased and thus the synchronizing power may be re- 
duced. It is possible to determine the conditions under 
which synchronizing power attains a maximum value for 
given machines. 

Difficulty in parallel operation is more likely to be ex- 
perienced with alternators having good voltage regulation 



Fig. 66. Tho larger the angle 0 is the larger 0 will become and the 
smaller a will be. The angle 0 is large when the armature reactance is 
large in comparison with the armature resistance. Compare Fig. 65. 

than with alternators having bad voltage regulation. Good 
voltage regulation means small armature reaction, small re- 
actance and small synchronous impedance. As shown by 
Fig. 65 and 66, low reactance means small synchronizing 
power for a given phase-displacement between E 2 and Ei, or 
a large amount of phase-displacement to produce enough 
synchronizing power to hold the alternators in step, which 
leads to “hunting” of the alternators. Moreover, low 
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synchronous impedance means that a slight movement of the 
armatures (or E 2 and E\ vectors) with relation to each other, 
or small values of Er, will produce large values of Is. Such 
movements are likely to result from the inequalities of the 
force acting upon the piston of a steam or gas engine as the 
working fluid in the cylinder expands during each stroke, 
unless heavy flywheels are used. If the voltage regulation 
of the alternators is good and the reactance correspondingly 
small, very slight relative movements of the armatures will 
produce large synchronizing currents (Is); but under such 
conditions the synchronizing current represents compara- 
tively little synchronizing power; therefore, greater phase 
displacements and larger values of Is are necessary to hold 
the alternators in step. Hence, we see that the circulating 
current will be large, and this will reduce the capacity of the 
alternators for carrying useful load. 

If one alternator tends to turn slower than another in 
parallel with it, the synchronizing power comes into play ami 
prevents this. Suppose that Ei and E 2 were exactly in phase 
(as shown by Fig. 64) when the parallel connection was made, 
but that Ai has a tendency to run faster than A 2 . This 
would be the case if the synchronizing lamps were brighten- 
ing and darkening slowly, and the switch were closed in the 
middle of a dark period. A moment later Ei would have 
advanced slightly on E 2f as in Fig. 65. The resultant Er 
thereby produced would cause a synchronizing current Is 
which would make the fast machine Ai act as generator and 
the slow machine A* act as a motor. As a result, the fast 
machine would be slowed down and the slow one speeded up, 
until they were brought into synchronism. As this condition 
approaches, the resultant Er decreases, and the synchronizing 
current Is therefore gradually approaches constancy. 

Example 10. Two 500-kv-a. alternators each running as a 
single-phase machine and each having, a voltage of 2300 volts were 
thrown in parallel, when they were at what was believed to be the 
correct phase relation, that is, the e.m.f.’s were supposed to be 180° 
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apart. Generator A, however, was 20° ahead of this correct 180° 
position with regard to generator B. Each generator has a 10 per 
cent inherent reactance and a 2 per cent resistance. Which gener- 
ator delivers synchronizing power to the other, and how great is this 
power? 

Draw Fig. 67, and note that if the two e.m.f.’s are not exactly 
equal and in phase, in the opposite direction to each other, one 
alternator will force current through the other. 



Fig. 67. The two alternators are in parallel, and their e.m.f.’s have the 
same positive direction with respect to the line. 




Fig. 68. The synchronizing current la is nearly opposite to the voltage 
Eb- Thus B receives synchronizing power from A in Fig. 67. 


Construct Fig. 68, drawing Eb to represent the terminal voltage 
of generator B. Draw A' at 180° to Eb to represent' the e.m.f.*of 
generator A at the position which it should occupy if the generators 
were in synchronism and in phase. Then draw Ea, leading A' by 
20° to represent the terminal voltage of generator A, 20° ahead 
of its synchronous position. The resultant of these two terminal 
voltages which tends to send a current circulating through the two 
machines is Er. The phase difference between Ea and Eb is 
180° - 20° * 160°. 
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Er - VEa 2 + E b 2 4- 2 cos 160° 

- a/ 2300 2 + 2300 2 + 2 X 2300 X 2300 X (-cos 20°) 
= 794 volts. 


Per cent synchronous impedance of combination = V 10* ■+* 2* = 
10.2 per cent. 

Voltage to overcome impedance at full load = 0.102 X 4600 = 
469 volts. 


Armature current at full-load, unity power-factor 


500,000 

2300" 


217 amperes. 


469 


Synchronous impedance of combination — =2.16 ohms. 


Therefore the resultant voltage Er will force through the arma- 
tures a synchronizing current of 


Is 


794 

2.16 


= 368 amperes. 


The phase angle <f> between Er and Is depends upon the relation 
of the reactance to the resistance of the armature circuit. 

Thus 

reactance 2 X 10 

tan 0 = — — - — = 5 

resistance 2x2 

or 

<t> = 78.7°. 

The angle 0, the phase difference between E a (the voltage across 

generator A) and Is (the synchronizing current) = ^ — 78.7° = 1.3°. 

The power generated by alternator A equals: 

Pa — EaIscosO 

= 2300 X 368 X cos 1.3° 

= 846,000 watts 
= 846 kw. 


The power used by B tending to synchronize B with A equals 

Pa - E b Is cos (80° + 78.7°) 

= 2300 X 368 X cos 158.7° 

— — 788,000 watts 
= — 788 kw. 

The synchronizing power which generator A delivers to generator 
B is, therefore, 788 kw. 
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Thus generator A is pulled back by 846 kw. and generator B is 
pushed ahead by 788 kw. The total I 2 R loss is (846 — 788) or 

58 kw. The power transferred thru bus-bars is ^846 — or 

(jss + y) or 817 kw - 

Prob. 16-2. (a) If each lamp L 2 in Fig. 50 is rated 220 volts and 

its filament does not become visible until the voltage reaches 90 
volts, what is the maximum phase difference that may exist bo- 
tween the two alternators, each generating 220 volts, while the 
lamps I/ 2 still appear to be in their dark period with Si closed? If 
the switch S* is closed when this phase difference exists and each 
alternator is 100 kv-a. 220 volts, 10 per cent reactance and 1 per 
cent resistance, calculate: 

(6) Synchronizing current, in effective amperes. 

(c) Voltage of bus-bars. 

( d ) Power transferred through bus-bars from one alternator to 
the other. 

Prob. 17-2. Repeat calculations of Problem 16-2, on the 
assumption that each generator has a reactance of 5 per cent and 
a resistance of 1 per cent. Compare with corresponding results of 
Problem 16. By what percentage is the I*R loss due to this syn- 
chronizing current increased by the change of reactance? By what 
percentage is the synchronizing power increased or diminished? 

Prob. 18-2. Repeat calculations of Problem 16-2, but on the 
assumption that each generator has the same impedance but only 
half as much reactance. Compare with corresponding results of 
Problems 16-2 and 17-2. By what percentage would the armature 
IHl of these alternators be greater than that of the alternators 
in Problem 12-2, at the same (rated) load in both cases? 

23. Distribution of Load on Alternators in Parallel. In 

practice, an alternator Ai would be well loaded before A 2 is 
started and paralleled with it. Thus, in Fig. 69, E\ repre- 
sents the terminal e.m.f. of alternator A 1 , which is delivering 
to the external circuit a current // at power-factor equal to 
(cos a). The output of A\ is equal to cos a) watts. 

Now alternator A 2 is manipulated so as to make its open- 
circuit voltage E 2 equal to Ei, and also in synchronism 
and in phase with E\. The main switch is then closed, but 
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A% neither delivers any current or power, nor takes any. To 
make A 2 take some of the load from A\, wc let a little more 
steam, or water, or gas into the prime mover which drives it, 
as the type may require. This makes the power input 
greater than the losses in A 2 and the machine speeds up, to 



Fig. 69. The polar vector diagram for showing the result of connecting 
a generator with voltage En in parallel with a generator of voltage Ex \ 
when the latter is already delivering a current of at a power-factor 
of cos a. 

absorb the excess as kinetic energy. This causes the vector 
E 2 to advance on E x to a new phase relation represented by 
E 22 . The angular advance <f> produces a resultant e.m.f. 
Er in the local circuit of the armatures, and this produces a 
synchronizing current Is, lagging 0 degrees behind Er } where 
Is is defined completely as usual, by the equations: 

r Eh E* 

s Z y/JJti + W 2 + (Xi + Xtf 
tan 0— tokd s y nchronous r eactance of A\ and A 2 _ X\ -f- X 2 
~ total effective resistance of A 1 and A 2 ~ Hi -b #2 

Now Is is the only current flowing through A 2 , but in A x , 
we have both Is and I\ flowing. The total current in A x is 
the vector sum of Is and //, or I\ in Fig. 69. The phase 
angle between Is and #22 is less than 90°; therefore A 2 is 
acting as a generator and is generating electric power equal to 

P 2 = EmIs cos 0. 

The addition of the synchronizing component (Is) has 
changed the total current (/ 1 ) carried by A x to less than what 
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it was (//) before the adjustment of A 2 . Moreover, it has 
changed the phase angle between E\ and the current in A x , 
to a value (7) which is greater than what previously was (a). 

. For these two reasons, the total power output from the ter- 
minals of A 1 is less than it was before the adjustment of A 2 . 
That is: 

( E\ 1 1 cos 7) is less than (E x li cos a). 

Thus it appears that letting more power into the engine 
which drives A 2 has taken some load off A x and has put it 
on A 2 . As the load comes on A 2 , it produces a resisting 
torque which opposes the increase of speed that started the 
readjustment. Therefore the speed will increase only enough 
to cause A 2 to take on a load sufficient (together with the 
losses in A 2 ) to equal the increased input to A*. When this 
state has been reached, the increase of speed (started by 
opening the throttle- valve of the prime mover) is arrested 
and we have equilibrium, with a steady load and current in 
each alternator. 

The total current output of both alternators (Ii 0 I 2 ) 
should now be the same as the current (//) which was 
delivered by A x alone before A 2 was paralleled. 

This can be shown by combining 1 2 (— Is) vectorially with /]. 
We find that the resultant coincides with I\. Of course it is neces- 
sary to reverse the vector OJ 2 before combining it with OIi, because 
in Fig. (59 the vectors relating to A 2 have been reversed in order to 
make them show conditions with relation to the local circuit of the 
armatures of which the positive directions are opposite, whereas now 
we desire to know conditions. with relation to the bus-bars, the posi- 
tive direction of which is the same as that through both armatures. 

To avoid confusion of lines, Fig. 69 has not been made entirely 
complete. The production of current in A 2 causes a voltage drop 
in the armature, which makes the terminal voltage differ from En, 
as to both value and phase. The change in the value and in power- 
factor of the current in A 1 causes a change in the voltage drop within 
this armature, so that the terminal voltage of A x becomes different 
from E\ as to both value and phase. The currents will continue 
to change, and equilibrium will not be reached, until both the terminal 
voltages and the frequencies have become absolutely equal.. 
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Prob. 19-2. Each of the single-phase alternators shown in Fig. 
50 is rated 100 kv-a., 220 volts, and each generates a practically 
harmonic e.m.f. wave. Each has a resistance of 2 per cent and a 
“sustained ” short-circuit current five times normal full-load cur- 
rent, when the field current is such as will produce 220 volts at ter- 
minals on full non-inductive load. Calculate: 

(a) The synchronous impedance, in ohms. 

(b) The effective resistance of the armature, in ohms. 

(c) The synchronous reactance, in ohms. 

Prob. 2(M2. Alternator Ai, Prob. 19, is delivering 125 per cent 
of its rated full-load kv-a. to an external circuit at 220 volts and 87 
per cent power-factor. Alternator A z Is synchronized perfectly, 
and connected in parallel to the bus-bars. Draw a vector diagram 
similar to Fig. 69, showing this condition of affairs. From the 
resistance and reactance of A x and the current flowing in it, locate 
the vector representing its total induced e.m.f., or excitation 
voltage on this vector diagram. 

Prob. 21-2. Now let the driving force behind A 2 in Problem 
20-2 be increased enough to advance the vector of its induced e.m.f. 
by 10 electrical degrees (that is, <j> = 10° in Fig. 69). Assume 
that the amount of current delivered to the external load and its 
phase relation to the induced c.m.f.’s, and the induced voltage of 
both generators, remain unchanged. Calculate for the instant be- 
fore any adjustment of phase occurs: 

* (a) The current flowing in A 2 . 

(b) The current flowing in A\. 

(c) The power generated in A 2 . 

(d) The power generated by At. Draw these current vectors on 
the vector diagram of Problem 20. 

Prob. 22-2. On the vector diagram similar to Fig. 69 repre- 
senting conditions of Problem 21 add to E& the reactions due to / 2 , 
and thus find the vector representing terminal voltage of generator 
A%. Notice that this is not equal to the terminal e.m.f. of A 1 , as it 
was before the redistribution of load. Show how the terminal 
e.m.f. of At becomes equal to that of A 2 . 

Prob. 22-2. The two alternators specified in Problem 19 are 
operating together in parallel each loaded to rated kilovolt-amperes 
at 87 per cent power-factor, the external load being 200 kv-a. at 
220 volts and 87 per cent power-factor. Draw the complete vector 
diagram showing terminal and induced e.m.f. and armature current 
in each alternator, and total current delivered from bus-bars. 
Calculate: 
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(a) The value of generated e.in.f. by synchronous impedance 
method. 

(b) The value of the synchronizing component of armature cur- 
rent, in amperes. 

24. Governing. Speed Regulation. Load Distribution. 
We have just seen that in order to increase the load on 
an alternator which is operating in parallel with others, we 
must adjust the prime mover which drives this alternator 
so as to make it push harder. The converse of this is 
also true; if we desire to decrease the load on this alternator 
we reduce or throttle the power supplied to drive it, or make 
the adjustment which would reduce the speed of the alter- 
nator if it were operating alone. But as soon as A« begins 
to fall behind A i, or lag in phase, a resultant c.m.f. and a 
synchronizing current are produced in the circuit of the 
armatures. This synchronizing current represents motor 
action in the lagging machine and generator action in the 
leading machine (see Art. 22). The resultant of these 
actions and the load currents already flowing in the arma- 
tures is to reduce the generator action or electrical power 
output of the alternator whose prime mover was throttled 
down, and to increase correspondingly the generator action 
and electrical output of the other alternator. The throttled 
generator will continue to fall behind (as to phase, but not 
as to speed), and the synchronizing component of current 
will continue to grow, until the load on this alternator (plus 
the losses) is reduced to just equal the power received from 
the prime mover. Then the alternator will cease falling 
behind and the currents and power outputs of the alternators 
will be steady. 

In most power plants, the prime mover driving each 
alternator has its own governor, or device to keep the speed 
" constant ” by shutting off automatically the supply of 
steam- or gas- or water-power as the load on the alternator 
is reduced, or increasing the power supply as the load on the 
alternator is increased. This is necessary if the units are 



ALTERNATORS: PARALLEL OPERATION 


103 


ever to be operated singly and without constant attention. 
A governor is not “stable” or safe unless some increase of 
speed is necessary to reduce the power supply and some 
decrease of speed to increase the power supply. Now sup- 
pose that the governor controlling the speed of A 2 has a 
speed regulation of 2 per cent, or allows the speed to rise to 
102 per cent of the full-load speed when the load is reduced 
from rated full-load (of 1000 kv-a., non-inductive) to zero- 
load. And suppose the governor controlling the speed of 



Kilowatts output of each Alternator 

Fiu. 70 . The relation between output and speed of generators 

A\ and A a . 

Ai has a speed regulation of 4 per cent, and the rated full-load 
is the same as for A 2 . 

If the speed of each unit varies in exact proportion to the 
load, we have conditions as represented in Fig. 70. Thus, 
at 100 per cent of rated load and speed, A i and A 2 , each 
delivers 1000 kw., and the total load is 2000 kw. ; at 101 per 
cent of rated speed, Ai delivers 750 kw. and A 2 delivers 
500 kw., the total load now being (750 + 500 = 1250) kw. 
Proceeding in this way, we get the data from Fig. 70 by 
which to plot curves as in Fig. 71, showing the distribution 
of load between Ai and A 2 at various values of total load on 
the bus-bars. From this it appears that the unit having 
the better speed regulation (A 2 ) drops load faster while the 
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total load is being reduced, and takes on load faster when 
the total load is being increased. Two units operating in 
parallel will keep the load more nearly proportionally divided 
between them for all values of total load, when their speed 
regulation is more nearly the same. It is generally found 



Fi«. 71. Relation between total output to bus-bars and the output of 

each generator. These curves are obtained from those in Fig. 70. 

that a closer speed regulation than 4 per cent is undesirable 
for alternators. 

When the switchboard operator desires to make A 2 take 
a larger share of the load than the automatic action of its 
governor permits it to take, he adjusts the- governor in a way 
which would make the unit run at a higher speed if it were 
operating alone. As has been seen, when the alternator 
attempts to run faster it automatically takes on enough more 
load to prevent its speed from increasing; its rotor merely 
forges ahead slightly relative to the other rotor but continues 
to rotate at practically the same speed as before. 
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Prob. 24-2. The speed regulation of the prime mover driving 
alternator Ai in Problem 23-2 is 1 per cent and that of A 2 is lj 
per cent. Hated full-load of each prime-mover is considered to be 
100 kv-a. at 87 per cent power-factor, from the alternator. 

(a) Draw curves similar to Fig. 70 and 71, showing relation 
between total kilowatts and kilowatts delivered by each alternator. 
Use a large scale for speed. 

(b) At what per cent of rated load kw. is each unit working in 
Prob. 23? 

Prob. 25-2. (a) When the total load is reduced to 100 kv-a., 

still at 87 per cent power-factor, what kw. is each alternator of 
Problem 24 delivering? 

(b) If the terminal voltage were kept constant by a regulator, 
what would be the load component of current in each armature? 

(c) The regulator used also adjusts the field excitations and gen- 
erated voltages so that the power-factor of each armature is the 
same as that of the load. Draw a complete vector diagram for this 
condition, showing bus-bar e.m.f., current output from each alter- 
nator, XI and RI drops in each armature and generated e.m.f. in 
each armature. 

25. Field Excitation Controls Power-Factor but not 
Load Distribution. It should be clearly understood that 
the adjustment of the field excitation does not control the 
distribution of load between alternators in parallel. Such 
adjustment affects mainly the reactive component of current 
flowing through each armature, by means of the synchroniz- 
ing current, and merely changes the power-factor of the 
generators. This is shown in Fig. 72-75 a which represent 
relations in t wo single-phase generators, or in corresponding 
phases of two similar polyphase generators. The constants 
used are as follows: 

Volts induced in one phase of each generator (initially) 

= 2000. 

Amperes delivered from one phase of each generator to 
load = 100. 

Phase difference between load current and induced volts, 
in one phase of each generator equals 30°, or power- 
factor of entire circuit in each phase = 87 per cent. 
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Synchronous reactance of one phase of each generator = 
2.0 ohms. 

Effective resistance corresponding = 0.2 ohm. 


Fig. 72 refers to the two alternators together, or to the 
bus-bars. In Fig. 73 the vectors of A 2 have been reversed 
-E= 0 ooo to illustrate the phase relations 
in the local armature circuit 
formed by this phase of A 2 
and Ai. We now increase the 
induced e.m.f. of A 2 by 10 per 
cent, making it 2200 volts. As 



bars. I represents the current 
delivered by both generators 
together. 


^ 1*200 amp. 

Fia. 72. The vector E represents 

the induced voltage of each gen- . . 

erator with respect to the bus- shown ,n Fl S- 74 > we havc a 

resultant e.m.f. 200 volts, 
which produces a nearly re- 
active synchronizing current 
(T s ) of almost 50 amperes. The total current flowing in A 2 
is now TV and in A 1 it is now //. 

By this adjustment of the field excitation of A 2 , we have 
reduced the reactive component and also the total value of 
current in Ai, and have raised the power-factor of Ai to 
practically 100 per cent. O 11 the other hand, we havc in- 


V 

V 

«i~30£ * 


►Ef'JWOO 


(E 2 = 0000) 

Fig. 73. The currents and voltages of Fig. 72 arc here drawn with 
respect to the circuit between armatures. 


creased the reactive component and total value of the current 
in A 2 , and have reduced the power-factor of A 2 . In other words, 
this adjustment has merely shifted the reactive component of 
the load current from one alternator to the other; it has not 
altered the load distribution, because the power component 
of 1 2 is practically the same as that of 1 2 , and the power 
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component of Ii is practically the same as that of 1%. In 
Fig. 75, we have reversed / % so as to make the diagram refer 


(Ii) 



I ==100 


Fia. 74. The e.rn.f. of At has been increased to 2200 by field adjust- 
ment. The current from generator At becomes // and from genera- 
tor At, It- 


again to the bus-bars (as in Fig. 72), instead of to the local 
armature circuit; it is seen that the resultant of // and / 2 ', 
or the total current (/) de- , 

livered by both machines to Gk « ■■ ■ - W — — >-E=aooo 

the load, remains exactly the \ 

same as it was before the 

fields were adjusted. \\ 

26. Control of Frequency “^ 1=200 

and Voltage of Bus-bars. If Fia. 75. The vectors of Fig. 74 are 


the bus-bar frequency hap- here drawn with respect to the 
pens to be low, we must bus-bars instead of with respect to 

. ,1 _ „ r « the armature circuits. Note that 

adjust the governors of all , and E are cxac0y „ in Fig . 72 . 

the engines correspondingly. 

Adjustment of any one governor will merely cause this 
alternator to pick up more load ; it would take on the entire 
load of the station (which would usually be enough to injure 
it), before the frequency of the bus-bars would be raised 
appreciably. 

If the voltage of the bus-bars is low, we must adjust the 
field excitation of every alternator correspondingly, unless 
we desire to shift the reactive component from one alternator 
to another. We can see from Fig. 74 that further adjust- 
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ment of the excitation of either alternator would be too much 
as it would increase the total reactive current in both of them, 
causing the average power-factor of the generators to be 
lower than that of the load, with consequent reduction of 
useful capacity. 

27. Disconnecting Alternator from Bus-bars. When the 
kilovolt-ampere load on the bus-bars has decreased so that one 
of the parallel generating units can be stopped without over- 
loading the alternators that remain, we must consider the best 
manner of doing this. Any kind of switch is likely to be 
injured if opened when a heavy current is flowing through it, 
and particularly when the voltage of the circuit is high. The 
bad effects seem to increase in some relation to the kilovolt- 
amperes removed from the circuit by the opening of the switch. 
They are of all degrees of seriousness, from mere roughening 
of the contact surfaces and carbonization of the oil (in which 
the break is usually immersed), to distortion and breakage 
of the switch parts, throwing-out of oil, and sometimes 
violent explosion of the switch when opening a short-circuit. 

To remove an alternator smoothly from parallel operation, 
we first decrease the power supply to the engine driving it 
(by closing the throttle-valve or by adjusting the governor 
in the direction of a lower speed), until the wattmeter in the 
circuit of this armature shows that the alternator is delivering 
practically zero power. If the ammeters now indicate any 
current through this armature, it must be reactive or quad- 
rature current, and as such it may be reduced to zero value 
by adjusting the field current of this alternator. When the 
wattmeter and ammeters all indicate nearly zero, the switch 
may be opened without injury. Finally, after being dis- 
connected from the electrical circuit, the alternator may be 
brought to rest by completely shutting off its supply of 
steam or motive power. 

28. The Synchronous Motor. If the supply of steam 
or other power to the engine is shut off while the alternator 
is still connected to the bus-bars (on which other alternators 
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are operating in parallel), the unit will not stop but will 
continue to rotate at exactly synchronous speed, taking 
enough power from the other alternators through the bus- 
bars to supply all of its losses. The alternating-current 
generator has in fact simply become a “ synchronous motor.” 
Any alternator may be used in this way as a synchronous 
motor; it is merely a matter of changing its function, and 
not its construction. However, some synchronous motors 
intended for use only as “ synchronous condensers ” to 
correct the power-factor of circuits, have a lighter and 
cheaper construction than synchronous machines intended to 
transform mechanical power to electrical power or vice versa. 

The action of the synchronous motor may be understood 
readily from Fig. 65, if we consider that the mechanical 
driving power to A 2 h&s been removed. The losses in the A 2 
unit compel it to slow down, but instantly this causes it to 
fall behind A\ in phase; a resultant e.m.f. E R is thereby 
produced in the circuit of the armatures, which causes a 
current Is to be delivered to A 2 by the other alternator. 
This synchronizing current Is has such phase relation to Ei 
and E 2 that it produces strong motor action in A 2 , tending 
to prevent it from slowing down. When the rotor A 2 
reaches a position far enough behind the other rotors to 
cause it to take in enough electrical power to equal its total 
losses, there is equilibrium between input and losses, and 
consequently no further tendency for A 2 to fall behind. It 
therefore continues to rotate at synchronous speed. . We 
might even put a pulley on the shaft of A 2 and make it 
deliver mechanical power to some other machine. This 
would cause it to fall back a little further, as shown in Fig. 


76, from E 2 to E 2 ". 
creased to Er", and Is 


In consequence, Er' would be in- 



would be increased proportion- 


ally from I 2 to / 2 ". The mechanical power or motor action 


developed in A 2 is increased, as it is evident that 


( E 2 " X /a" X cosine of angle between E 2 " and /a") 
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is greater than 

(E* X 1 2 ' X cosine of angle between E 2 and I*). 

The rotor of A 2 would continue to fall behind until the value 
of electrical input (E 2 "I 2 /f X cos angle between E 2 " and I 2 f ) 
has become equal to the output plus the losses, and then it 
will continue to rotate steadily in synchronism. 



drops bank to E 2 " and current increases from '/ 2 ' to //'. 

29. Leading Currents in Parallel Alternators. Synchro- 
nous Condenser. When the field of one of the alter- 
nators is “ over-excited,” or is generating a higher e.ni.f. 
than that induced in the other alternator, the synchronizing 
current is nearly in quadrature with the induced e.m.f. of 
both alternators. Thus, in Fig. 64 we sec that the current 
Is which circulates between the alternators whose e.m.f.’s are 
unequal, lags nearly 90° behind the e.m.f. of the over- 
excited alternator, and leads the e.m.f. of the under-excited 
alternator by nearly 90°. We may, therefore, cause an 
alternator to deliver leading currents by paralleling another 
alternator with it, and raising the field excitation of the 
latter. It is usually more convenient to remove the driving 
power from this second alternator, allowing it to operate as 
a synchronous motor. By this method, large leading cur- 
rents can be produced much more cheaply than by ordinary 
condensers. This so-called “ synchronous condenser ” is now 
much used for improving the power-factors of generating 
plants and transmission systems which are required to deliver 
large amounts of quadrature current. 
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ALTERNATORS MAY SAFELY BE CONNECTED IN 
PARALLEL when: 

(a) Their terminal e.m.f.’s are equal to one another at 

every instant. This means 

(1) The frequencies of all are the same. 

(2) The e.m.f.’s are all in phase. 

(3) The wave-forms are the same. 

(b) Similar terminals are connected together. 

Synchronizing lamps are used to indicate when the conditions 

in two generators are such that they may safely be connected in 
parallel. 

(a) If a lamp becomes light and dark alternately, it indicates 
that the frequencies of the two alternators are different. 

(b) If lamps remain dark, it means that: 

(1) Either the alternators have the same effective volt- 
age, are in phase, and in synchronism, 

(2) Or one of the lamp filaments is broken. Raise 
speed of one machine Slightly to test this. 

(c) If the lamps remain light, it means that: 

(1) Either the e.m.f.’s have different effective values, 
but are in phase and in synchronism. 

c i\ The e.m.f.’s have greatly different frequencies. . 

(3) Or the alternators are in synchronism but out of 
phase. 

A SYNCHRONIZING CURRENT flows between two gen- 
erators connected in parallel, if their e.m.f.’s do not fulfill the 
above conditions for parallel operation. This synchronizing 
current tends to bring the two e.m.f.’s into the proper relation. 

THE SYNCHRONIZING POWER is the power transferred 
from one machine to the other by means of the synchronizing 
current. It is given by the faster generator to the slower gen- 
erator and by means of its motor action increases the speed of 
the slower or lagging generator. A high reactance in the ar- 
mature circuit, even though it produces a poor regulation, is 
desirable because it increases this synchronizing power by 
raising the power-factor, and reduces hunting. 

Ill 
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WHEN A SPARE ALTERNATOR IS SWITCHED IN, its 
e.m.f. is equal to the e.m.f. of the bus-bars and in synchronism 
with it. The speed of the prime mover is then increased, which 
increases the speed of the spare alternator and advances its 
phase relation and causes a synchronizing current to flow 
through the armatures of all the machines on the bus-bars. 
The resultant of this synchronizing current and the current 
which each generator is delivering will be smaller than the 
original currents delivered by the several generators, the phase 
difference between the resulting current and the e.m.f.’s of the 
generators will be greater and therefore the power-factors will 
be less. Accordingly, these generators are delivering less 
power to the bus-bars than before the spare generator was 
thrown in. The synchronizing current is the only current de- 
livered by the spare generator. If no change is made in the 
current drawn from the bus-bars, the vector sum of the cur- 
rents in the individual armatures remains the same as before 
the spare generator was added, the decrease in power from the 
original generators being equal to the power delivered by the 
spare generator. 

AN AUTOMATIC GOVERNOR ON THE PRIME MOVER 
decreases the power supply when the load on a generator con- 
nected to it falls off and the speed increases. This causes the 
speed increase to be very small, although there must be some in- 
crease in order to operate the governor. The better the regula- 
tion of a prime mover, the greater the share it will take when 
the total load is increased, and the smaller the share it will take 
when the load is decreased. Hence prime movers of parallel 
generators should have nearly the same speed regulation. 

IN ORDER TO CAUSE A CERTAIN ALTERNATOR TO 
TAKE A CERTAIN SHARE OF THE LOAD, the governor on 
the prime mover is adjusted by hand in a way which would cause 
it to run at a higher speed if it were operating alone. The 
alternator forges ahead and slightly advances the phase of its 
e.m.f. which causes it to take a larger share of the load. IN- 
CREASING THE FIELD OF A GENERATOR TO RAISE ITS VOLT- 
AGE WILL NOT CAUSE THE GENERATOR TO TAKE A GREATER 
SHARE OF THE LOAD, it merely changes the phase relation be- 
tween the currents and e.m.f. *s of the several alternators. 

TO RAISE THE VOLTAGE OF THE BUS-BARS, the field 
strength of all the generators must be increased. 

TO RAISE THE FREQUENCY OF THE BUS-BARS, the 
speed of all the alternators must be increased. 
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TO DISCONNECT AN ALTERNATOR FROM THE BUS- 
BARS, decrease the power from the prime mover until the 
wattmeter shows that the generator is delivering practically no 
power. Then adjust the field current until the ammeter shows 
no current through the armature of the alternator; open switches 
and shut off all power from the prime mover. 

AN ALTERNATOR WILL CONTINUE TO ROTATE AS A 
SYNCHRONOUS MOTOR if, when running as a generator in 
parallel with other generators, the power is shut off from its 
prime mover and it remains connected to the bus-bars. 

OVER-EXCITING THE FIELDS OF A SYNCHRONOUS 
MOTOR causes it to take currents which are leading with 
respect to the e.m.f. of the line and thus improves the power- 
factor of a line supplying lagging loads. When so used the 
machine is called a SYNCHRONOUS CONDENSER. 


PROBLEMS ON CHAPTER II 

Note. In some of the following problems, graphical solutions are 
much more convenient than trigonometric or algebraic solutions. The 
graphical solution is permissible if the drawing be made to such large 
scale that any desired quantity may be scaled off with engineering 
accuracy. 

Prob. 26—2. A direct-current shunt generator rated 100 kw., 
220 volts is operated in parallel with another rated 200 kw., 220 
volts. The voltage regulation of both generators is 4 per cent. 
Draw curves using amperes in external circuit as abscissas, and as 
ordinates the following: 

(а) Amperes in 100-kw. generator. 

(б) Amperes in 200-kw. generator. 

(c) Terminal voltage. 

The external load varies from 300 kw. at 220 volts, to zero-load. 
Assume that the voltage drop is exactly proportional to armature 
current in each generator, and that they share the load properly 
at full load. 

Prob. 27-2. The 100-kw. d-c. generator of Problem 26 operates 
in parallel with a 200-kw. 220-volt generator having a 2 per cent 
voltage regulation. Draw curves similar to those for Problem 26. 
Carry the total load to 450 kw. 

Prob. 28-2. If the two d-c. generators are adjusted to take 
their respective rated full-loads when operating in parallel, at rated 
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voltage, what would be their respective open-circuit or zero-load 
voltages when cut apart? 

(а) In Problem 26? 

(б) In Problem 27? 

Prob. 20-2. While the generators of Problem 27 are operating 
in parallel at 220 volts, both adjusted so as to be fully loaded, a 
sudden overload comes on the bus-bars, increasing the external 
current to 200 per cent of normal, (a) What per cent overload does 
each generator assume? (6) By what percentage is the rate of heat 
development (J 2 R) in its armature increased above normal rate? 
Assume curve between terminal volts and armature current to be 
a straight line for each generator. 

Prob. 30-2. What difference between the voltages of A\ and 
A 2 (expressed in per cent of their rated voltage) is sufficient to make 
the synchronizing current alone of Pig. 50 equal to rated full-load 
current, the e.m.f/s being exactly in phase? Each alternator is 
rated 100 kv-a. 220 volts, and has a resistance of 1 per cent and 
a reactance of 10 per cent. 

Prob. 31-2. When this difference (specified in Problem 30-2) 
exists between the effective values of Ei and E 2f what is the I 2 It 
loss and the power developed in each armature by the synchro- 
nizing current at the moment of closing the switches, expressed 
as percentage of the values of these quantities at rated full-load 
(non-inductive)? The machines are otherwise not loaded and the 
average of their voltages is equal to the normal induced voltage. 

Prob. 32-2. An alternator rated 500 kv-a. is operating in par- 
allel with another rated 1000 kv-a. Switchboard instruments show 
that the former is carrying 400 kw. load at 95 per cent power-factor 
lagging, while the latter is carrying 600 kw. at 65 per cent power- 
factor lagging. Each prime-mover has 5 per cent speed regulation. 

(а) Why is this not the best operating condition? 

(б) What adjustments should be made? 

(c) Alter these adjustments have been made, what should be the 
load in kilowatts on each generator, and its power-factor in per 
cent? 

id) What is the power-factor of the load on bus-bars, and its 
total value in kilovolt-amperes? 

Prob. 33-2. In order to distribute the load in proportion to 
the rated capacities of the alternators in Prob. 32, and to keep the 
bus-bar frequency at 60 cycles per second, by what amount must 
the mean turning effort of each prime mover be increased or dU- 
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minished, expressed in terms of (a) pound-feet, (6) per cent of the 
former value. 

Note. The 500 kv-a. machine has 8 poles and the 1000 kv-a. machine 
has 10 poles. 

Prob. 34-2. The bus-bar pressure in Prob. 32 is 2300 volts, 
three-phase, as rated. Each (deltar-connectcd) alternator has 2 per 
cent resistance, and synchronous reactance 40 per cent. Draw 
two complete vector diagrams illustrating conditions before read- 
justment, one with reference to the common bus-bar voltage, the 
other with reference to the local circuit between the two arma- 
tures. Calculate therefrom the following quantities: 

(a) Total kilovolt-amperes delivered by each alternator. 

(b) Amperes per terminal delivered by each alternator. 

(c) Voltage that would be delivered between terminals of each 

alternator if disconnected from the bus-bars. 

Prob. 35-2. Repeat the diagrams and solutions of Prob. 34, for 
the conditions existing after readjusting the alternators so that they 
both operate at the same power-factor as the total load on bus-bars, 
and divide the total power (kw.) in proportion to their rated capa- 
cities. Bus-bar voltage kept at 2300. 

Prob. 35-2. Two parallel alternators having constants as in 
Prob. 34, together carry the same total load as in Prob. 32. How- 
ever, by manipulation of field currents the larger machine is made 
to deliver its full rated load of 1000 kv-a. to the bus-bars at 2300 
volts. Neglecting the effect of the internal power losses in the 
alternators upon the distribution of load between them and upon 
the speed of the engines, calculate: 

(a) Power factor of each alternator, in per cent. 

(b) Increase or decrease of useful flux or total induced e.m.f. of 
each alternator, as per cent of corresponding value from Prob. 34. 

Prob. 37-2. Two alternators having constants as in Prob. 34, 
operate as in Prob. 32 before the readjustment was made. Draw a 
vector diagram to show the effects of altering the steam supply 
to both prime movers by such amount that the same total kilowatts 
is equally divided, and the frequency is not altered. Neglect the 
power lost in the alternators. The fields are readjusted so as to 
give each alternator the same power factor as the total load, and the 
same bus voltage of 2300. Calculate: (a) Change of phase angle 
between induced e.m.f.'s, from Prob. 35. (6) Change in amount 

of total induced e.m.f. of each alternator, from Prob. 35. 

* Compare these results. 
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Prob. 38-2. A three-phase, 6600-volt alternator rated 500 kv-a. 
is parallel with another rated 1000 kv-a., 6600 volts, 60 cycles. The 
inherent speed regulation of the engine driving the first alternator is 
5 per cent and of the second alternator 4 per cent, based on 85 per 
cent power-factor at full-load of generator. 

(a) What is the greatest combined load in kilovolt-amperes that 
these alternators can deliver without overloading either more than 
25 per cent beyond its rated capacity? 

( b ) What would be the relation between the power-factor of each 
alternator and the bus-bar power-factor, under this condition? 

Prob. 39-2. What are the kilovolt-amperes, kilowatts and power- 
factor of the total load delivered from the bus-bars, if each alter- 
nator in Prob. 38 is delivering its rated full-load kilovolt-amperes, 
but the 500 kv-a. machine operates at 90 per cent power-factor 
while the 1000 kv-a. machine operates at 70 per cent power-factor? 

Prob. 40-2. How many more kilowatts could be taken from 
the bus-bars at the same voltage and power-factor without exceed- 
ing the rated capacity of either machine, if the field excitation and 
throttles of the alternators in Prob. 39 were readjusted so as to 
make the best use of each machine? 

Prob. 41-2. Two alternators rated 2300 volts, three-phase, 60 
cycles have full-load capacities of 500 and 1000 kv-a. respectively. 
The first alternator gives a sustained short-circuit current equal to 
two times rated load current, with full field excitation,* while the 
second gives four times full-load current. In both alternators the 
ratio of synchronous reactance to resistance is 10 : 1. If these two 
alternators are thrown into parallel when the terminal voltages are 
each equal to 2300 but 10 electrical degrees out of phase, calculate: 

(а) Resultant voltage in local circuit. 

(б) Synchronizing current in amperes. 

(c) Synchronizing power in watts. 

( d ) Synchronizing torque in per cent of normal full-load torque 

of the smaller alternator. 

Both alternators are star-connected. 

Prob. 42-2. Repeat the calculations of Prob. 41, considering 
that the alternators are paralleled when only two electrical degrees 
out of phase. 

(a) Is the synchronizing power directly proportional to the phase- 
difference between the e.m.f.’s? 

* Full field excitation here means that which would give rated volt- 
age at no-load. 
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Prob. 43-2. Both alternators specified in Prob. 38 are deliver- 
ing their rated kilovolt-amperes to the bus-bars, at rated voltage 
and frequency, and 85 per cent power-factor. Assuming that the 
characteristics of each governor are such that the speed changes by 
a uniform amount for each kilowatt of load added or dropped by 
the machine, as expressed by the per cent speed regulation, cal- 
culate : 

(а) Frequency when total load on bus-bars is reduced 50 per cent. 

(б) Kilowatts delivered by smaller alternator under this condition. 

(c) Kilowatts delivered by the larger alternator under this con- 
dition. 

Prob. 44-2. (a) At what value of total load, in kilowatts, will 

one of the alternators of Prob. 43 cease to deliver power? 

(6) Which alternator will cease to deliver power? 

(c) What will be the frequency under this condition? 

Prob. 46-2. If the supply of driving power to the under-loaded 
machine in Prob. 44 be discontinued, and the total loss in iron and 
armature copper and in friction be equal to 5 per cent of its rated 
full-load (non-inductive) output, calculate: 

(a) What kilowatts will be taken by the synchronous motor now 

operating from the remaining generator? 

( b ) What will be the frequency? 

Prob. 46-2. Solve Prob. 41 on the assumption that the ratio 
of synchronous reactance to resistance in both alternators is only 
2:1. Compare corresponding results of these two problems, and 
discuss therefrom the relation between synchronous reactance and 
resistance, and synchronizing power, other things being equal. 

Prob. 47-2. Solve Prob. 46 on the assumption that a 10 per 
cent reactance has been inserted in each of the cables leading from 
the armature of the larger alternator to the bus-bars. Compare 
the synchronizing current and synchronizing power with correspond- 
ing results of Prob. 46 and discuss this feature of current-limiting 
reactances. 

Prob. 48-2. The two alternators specified in Prob. 38 arc ad- 
justed so that each is delivering 75 per cent of its rated kv-a., at 
85 per cent power-factor, rated voltage and frequency. Assuming 
the same change of speed per kilowatt of load as specified in Prob. 
38, calculate: 

(a) What maximum total kilowatts can be taken from the bus- 
bars without overheating either armature? 

„ (6) What will be the frequency at this load? 
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Prob. 49-2. (a) . At what value of total load (kilowatts) will the 

two alternators, after being adjusted as in Prob. 48 and then left 
to themselves, divide the load (kilowatts) equally between them? 

(5) What will be the frequency under this condition? 

Prob. 60-2. When the total bus-bar load on the two alternators 
of Prob. 48 is such that the frequency has become equal to 61.5 
cycles per second, calculate: 

(a) Kilowatts delivered by the 500 kv-a. alternator. 

(6) Kilowatts delivered by the 1000 kv-a. alternator. 

(c) Total kilowatts output from bus-bars. 

Prob. 51-2. A three-phase, star-connected alternator, rated 100 
kv-a., 2300 volts, 60 cycles, is delivering 125 per cent of its rated kv-a. 
at rated voltage and 80 per cent power-factor to the bus-bars. It has 
a resistance of 4 per cent and synchronous reactance of 40 per cent. 

Another alternator identically similar has its open-circuit e.m.f. 
brought up to exactly the proper voltage, frequency, and phase 
relation, and the parallel connection is completed. Assuming that 
the open-circuit voltage, or total induced voltage, or excitation 
voltage of the incoming alternator is raised in five steps, each ten 
per cent of the initial value, while the kilowatt output from bus- 
bars remains unaltered, calculate for each step: * 

(a) Resultant e.m.f. in local circuit. 

(i b ) Synchronizing current in amperes. 

(c) Kilowatts which tend to be shifted from one alternator to 

the other by means of the synchronizing current. 

(d) Terminal voltage. 

Draw curves showing change of each of these quantities, all with 
respect to excitation volts as abscissas. 

Prob. 62-2. If both prime movers in Prob. 32 have inherent 
speed regulation of 5 per cent, calculate the actual values of the 
following quantities when the total load has increased to 1500 kv-a. 
at the same power-factor as in Prob. 32, and the excitation voltages 
of both alternators arc adjusted to give rated terminal voltage at 
load power-factor: 

(a) Current per terminal from each alternator to bus-bars. 

( b ) Kilovolt-ampere output of each alternator. 

• (c) Power-factor of each alternator. 

Id) Frequency. 

Prob. 53-2. To what values of kilowatts, power-factor, and 
kilovolt-amperes should each alternator of Prob. 51 be adjusted, in 

* Do not consider change of phase relation of armature e.m.f. *s due 
to the shifting of load. 
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order that the total losses shall be reduced to minimum, while the 
amperes and power-factor of the total load on bus-bars remain 
constant? 

Prob. 54-2. When the alternators arc paralleled as synchro- 
nized in Prob. 51, what will be the values of the following quantities 
if the excitation voltage and the steam supply of each alternator 
is adjusted so the total power and the reactive load are equally 
divided at rated terminal voltage: 

(а) Kilowatt output of each alternator? 

(б) Kilovolt-ampere output of each alternator? 

(c) Power-factor of each alternator? 

{d) Per cent by which the excitation voltage of each alternator 
must be increased or diminished? 

Prob. 55-2. Draw a complete vector diagram showing relations 
between current and excitation voltage in both machines, terminal 
voltage, and total current delivered from bus-bars, for the phase 
relation of armatures which gives maximum synchronizing power, 
as nearly as you can determine it for the alternators specified in 
Prob. 51. Calculate the maximum synchronizing power in kilo- 
watts. Note that power taken in by a machine represents “ syn- 
chronizing power ” only when it exerts motor action, and not when 
it merely supplies PR loss. 



CHAPTER III 
TRANSFORMERS 

FUNDAMENTAL PRINCIPLES. EFFICIENCY AND REGULATION 

A transformer changes alternating current at any given 
voltage into alternating current of the same frequency but 
at some other voltage. It is to be distinguished from a 
converter, or a rectifier, which takes in alternating current 
and delivers direct current, or vice versa. 

Were it not for the transformer, there probably would not 
be any large systems for generating and distributing power 
by alternating-current electricity such as we now have. 
It was the development of an efficient transformer which 
influenced American engineers to use alternating current 
instead of direct current where large quantities of power 
were to be transmitted over long distances. 

The reasons for this statement have been indicated in the 
First Course, Chapter I. By means of the transformer, we 
may transmit electric power at high voltages which permit 
the wires to be small and correspondingly long, without 
prohibitive expense for copper or excessive PR loss on the 
lines. At any point along the line where we need some 
power, we simply tap on a transformer — the simplest, most 
rugged and durable and most efficient electrical apparatus 
that has ever been devised, requiring less space and atten- 
tion, and less investment per kilowatt capacity, than any 
other electrical machine. By suitable winding of the trans- 
former, we obtain alternating current at low pressure, of 
any value best suited to the lamps, motors, heaters, or other 
devices that are to be operated. 

30. Structure of the Transformer. The purposes for which 
transformers are used in systems for distributing electrical 
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power have been explained in the First. ( \mrse. There also 
will be found pictures illustrating the external appearance of 
some types of transformers, and diagrams showing how and 
where they are connected into the system. Before proceed- 
ing to examine in some detail the exact- theory of these 
connections, the proper methods of 
operation and the operating charac- 
teristics of various types of trans- 
formers, all of which are to be treated 
in this and the following chapter, it 
would be well to familiarize ourselves 
with the structure and parts of the 
transformer. 

Figure 77 shows the essential in- 
terior parts of a small (10 kv-a.) 
transformer such as is used to supply 
power to light a building ora group 
of buildings. One or more coils S 
of heavy wire* and one or morf* coils 
I* containing a much larger number 
of turns of smaller wire surround or 
are surrounded by a core / made of 
laminations or sheets of special steel. 

The terminals of the heavy win* coils 
art* brought, out at 7 T ", and the ter- 
minals of the. light, wire coils at 7 T '. 
and the iron core which links them together are the essential 
parts of the transformer. Fig. 7K is a diagram of a top 
\ iew' of a. transformer of this type. The coils marked 
“ primary ” are connected toget her and to the source of power, 
while the coils marked “secondary” are connected together 
and to the load. The alt ernat ing-ciirrcnt. power is transferred 
from primary to secondary by means of magnetic* flux in the 
iron con*, which is shown dark in Fig. 7X. 

31. Methods of Cooling Transformers. The losses 
which occur in transformers are very small, usually not more 



Fkj. 77. Tin* core and 
coils of a small trans- 
former rcinuvcfl from 
tin* c:is*. The roils N 
and 1‘ are linked to- 
get her by the con* /. 
77# c U’f.s fern Electric Co. 

These two sets of coils 
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than from 2 to 4 per rent of the input. These losses always 
result in heating the transformer. When the transformer is 
in operation, the currents in the primary and secondary 
coils cause a loss of power, 7 2 R, due to resistance. The 
flux in the iron core 1 also causes a loss of power due to hystere- 
sis and eddy currents. All of these losses appear as heat, 
and the temperature of the transformer will rise' above that 
of the surroundings by an amount sufficient to cause the 

heat to flow away 
as fast as it- is gener- 
ated within the trans- 
former. The core 
and coils arc 1 gener- 
ally immersed in min- 
eral oil or petroleum 
within a casing of 
sheet iron or cast 
iron. The purpose 
of the* oil is not only 
to improve' the in- 
sulation between the 
coils, but also to 
carry the heat from 
the* hot inner parts of the coils and core to the cooler outside 
surface of the easing, by means of the circulation which is 
set up in the oil. The coils arc' separated from one another 
and from the cores by space's called oil ducts (see Tig. 7S) 
which permit the oil to circulate around the 1 innermost- parts 
where the heat is generated, thus tending to keep the tem- 
perature more even throughout the transformer, or to avoid 
“hot spots.” 

The power capacity and the losses of a well-designed 
transformer increase approximately in proportion to the 
volume of its core and coils, or to the cube of its dimensions, 
other things being equal. Hut the exterior surface from 
which heat, is naturally dissipated increases only in propor- 



Fn;. 7S. The diagram of tho top view of a 
transformer of the shell type shown in Fig. 
77. The General Electric (' o . 
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tion to the square of its dimensions. That is, if we double 
all dimensions of the transformer, the amount of iron in the 
core and of copper in the (‘oils will be approximately 2 s or 
8 times as great. If these materials were used to just as 
good advantage as before, the kilovolt-ampere capacity 
would l>e also 8 times as great; and assuming the efficiency 
to be approximately the same, the losses would be, 8 times as 
large as before. But the exterior surface of the transformer 
is increased only 2 2 or 1 times when the dimensions are 
doubled. Therefore, we must lose 8 times as much heat as 
before, from 4 times as much surface, or twice as much heat 
per square foot of surface, per minute. This requires a 
temperature rise approximately twice as great. Obviously, 
transformers of the larger sizes must be provided with addi- 
tional cooling surfaces or some means of carrying away heat 
faster from the 1 natural cooling surfaces, in order to avoid 
excessive tempera i tires. 

Some large transformers, particularly older one's, are of 
the air-blast type 1 . They arc* placed over a chamber from 
which a blower force's a strong current, of air through numer- 
ous ventilating ducts that arc* left between the coils and the 
core*. Such transformers are 1 not immersed in oil, and there- 
fore have the- following disadvantages. First: if a fault 
occurs in the 1 insulation, the resulting are is not suppressed 
fas by the oil in the oil-filled type) but is rather fanned into 
(lame* bv the air currents. Second: although the air used 
is cleaned, yet, in spite of this precaution, the transformer 
often becomes coated with dirt, which is bad for the insula- 
tion. Third: if anything occurs to stop tin* blowers, the 
temperature rises very rapidly. Fourth: air-blast trans- 
formers are more* bulky for a given kilovolt-ampere capacity 
than water-cooled or oil-cooled types, and are not, satis- 
factory for pressures much above 35,000 volts. 

Auxiliary surfaces for natural air-cooling may be furnished 
by nests of vert ical pipes connected into the < ransformcr case 
at top and bottom as shown in Fig. 79. These pipes C are 
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spread far enough apart to permit natural convection cur- 
rents of air to circulate freely. The case and pipes are filled 
with oil, which serves to carry the heat from the coils and 
core where it is generated, out to these cooling surfaces. 



Fn;. 71). Addit ional cooling surface is furnished l»v the pipes. The 
oil which carries the heat from the core and coils circulates through 
the pipes and is cooled. Central Eftrtrir Co. 

Auxiliary surface for artificial cooling by cold water is 
often used in the. oil-insulated water-cooled (O. I. W. (\) 
type of transformer. One of these is shown removed from 
its case in Fig. SO. The. space between transformer and 
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case, and the ducts between coils and cores are all tilled with 
oil which circulates naturally between the heated surfaces 
and the cool surfaces. 

The heated oil rises to 
the top of the case. 

The cooling coils (O), 
carrying a. current of 
cold water, absorb the 
heat-. The cooled oil 
flows down along the 
outside of the case to 
the bottom, and then 
repeats the process. 

T lie cooling coils 
should be of seamless 
tubing, as t he slight est 
leakage of water into 
the transformer will 
weaken the insulation 
seriously. A great 
many of the larger 
t ransfonners are of t he 
O. I. W. ( \ type. 

The largest, trans- 
formers are cook'd by a 
forced circulation of 
tin 1 oil with which the* 
transformer is filled. 

P»y this method very 
much greater amounts 
of heat may be carried 
away from the 1 surfaces 
of coils and cores than 
by any natural circulation of oil, the oil currents being more 
rapid ami far-reaching. The oil may be cooled either inside 
or outside the transformer ease, by water or by air currents. 



«. .SO. Interior of an oil insulated water- 
cooled transformer, showing the copper 
cooling coils, C. These eoils carry water 
which cools tin- oil. General Electric Co. 
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It. is difficult to bring out the terminals of a coil for very 
high tension work through the metal ease of the transformer 
without danger of breaking down their insulation or of serious 
leakage of current between terminals. Some terminals are 
filled with oil and are correspondingly bulky and out of pro- 
portion, as shown at 7" in Fig. SO. The “ condenser type” 

of terminal is much more 
compact for the same 
operating voltage and 
same factor of safety, ami 
represents a more recent 
and intelligent design. 
(See Trans. A. I. F. F., 
Yol. XX VII 1, page 200.) 

32. How the Trans- 
former Changes the Volt- 
age. The essential 
principle upon which the 
transformer operates has 
been explained in the 
First Course, Chapter V. 
Two (‘oils (or two groups 
of coils) are wound upon 
Fit;. SI. Diagram of a transformer. same iron core. One 

An alternating current in the primary’ of these coils, A3 in Fig. 

connected to a 
generator or a transmis- 
sion line which delivers 
alternating current, to it. 
This current produces an alternating magnetic, flux mm in 
the iron core Ci C». The variation of the* flux from zero to 
maximum value, then to zero again, first in one direction 
and then in the opposite' direction, through the magnetic 
circuit which is common to the two coils, in < luces an alter- 
nating e.m.f. in the other coil XV. If an electrical circuit 
be completed through coil XY by connecting a lamp, a motor, 



cuil AR sets up an alternating flux in j s 

the iron eon' C\C<. This flux imhieos 
an alternating voltage in the soeoiul- 
ary coil MY. 
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or any conductor externally between the terminals, this in- 
duced e.m.f. will produce a current and deliver power. 

Thus, although the two coils are electrically insulated from 
each other, power taken in by one coil is transmitted to the 
other coil by means of the magnetic flux which links with 
both of them. Of course, as stated above, there are losses 
in the transformers — due to hysteresis and eddy currents 
in the iron core and to PR in both coils — so that the power 
given out by the coil XY is slightly less than the power 
taken in by the coil AB. By providing a proper number 
of turns and suitable insulation in each coil, the primary (AB) 
may take in power at high voltage and the secondary (XY) 
may deliver this power at low voltage. Due to the use of 
high voltage, the amount saved annually on the cost of 
transmission line and of line losses, is much greater than the 
cost of fixed charges and losses of the transformers, which 
then become necessary to change the voltage to values suit- 
able for generation and utilization by practicable apparatus. 

33. Ratio of a Transformer. The coil AB produces a 
flux that links with the coil XY and induces an e.m.f. in 
both AB and XY. In fact, it oven produces e.m.f.’s in the 
iron core CiC 2 which cause the so-called “eddy currents” in 
the iron, which are neglected in this article. 

Let E — Effective value of the e.m.f. induced in a single 
turn of both AB and XY by the flux thread- 
ing both coils. 

Np = Number of turns in primary coil AB. 

Ns = Number of turns in secondary coil XY . 

Since the e.m.f. *s in all the turns of each coil are in phase 
with one another, 

ENp = Total induced voltage in primary coil AB. 

ENs = Total induced voltage in secondary coil XY. 

The ratio of the induced e.m.f. in the primary to the in- 
duced e.m.f. in the secondary can then be expressed by the 
following equation: 
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Induce d e.m.f. in Primary _ ENp _ Np 
Induced e.m.f. in Secondary ~~ EN& Na’ 
Np _ Number of turns in Primary^ 

Ns ~ Number of turns in Secondary 


This ratio 


Np 

Ns 


is called the Ratio of a Transformer, and is 


equal to the ratio of the induced voltage in the primary to 
the induced voltage in the secondary, when no flux lines 
exist which do not thread both coils. 


Cxample 1. There are 1200 turns in the primary coil of a trans- 
former and 120 turns in the secondary coil. A flux of 800,000 lines 
threading both coils is made to alternate according to the sine law, 
at the rate of 60 cycles a second. 

(a) What is the effective voltage induced in each turn of both 
coils? 

( b ) What is the total effective induced voltage in the primar}' 
coils? 

(c) In the secondary coil? 

id) What is the ratio of the induced voltage in the primary coil 
to the induced voltage in the secondary coil? 

(e) What is the “ratio of the transformer”? 

(a) The flux makes 4 changes between 0 and maximum value 
during one cycle. See Art. 53, First Course. 

a tw i i • i * x 800, 000 X 60 X 4 . ^ 

Av. E (induced m each turn) = — ■ = 1.02 volts. 

10 “ 

Effective E — 1.11 x av. E (for a sine wave-form). 

= 1.11 X 1.02 * 2.13 volts. 

( b ) E (induced in primary coil) = 2.13 X 1200= 2560 volts. 

(c) E (induced in secondary coil)= 2.13 X 120 = 256 volts. 

Induced E in Primary 
Induced E in Secondary 

(e) Ratio of the Transformer 


= 2500 = 10 . 
256 


1200 

120 


= 10 . 


Prob. 1-3. Answer the five parts of Example 1 if the flux has 
a frequency of 40 cycles per second. 

Prob. 2-3. The primary coil of a certain transformer has 1470 
turns. 
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(а) How many magnetic lines must thread the primary coil and 
the secondary coil if the effective induced voltage in the primary 
is 2460 volts? 

(б) How many turns must the secondary have in order to have 
the induced voltage in it equal to 123 volts? 

Assume that the magnetic flux is made to vary according to the 
sine law at a frequency of 25 cycles. 

Prob. 3-3. In a transformer with a ratio of 5, how many turns 
must there be in the primary and in the secondary coils, if the 
induced voltage in the secondary is to be 236 volts? The flux has 
a value of 885,000 lines and varies according to the sine law at a 
frequency of 60 cycles. 

Prob. 4-3. How many turns would have to be used in the 
coils of the transformer in Prob. 3, if the frequency were 25 cycles? 

34. Phase Relations between Flux and Induced E.M.F. 

The value of the induced e.in.f. at any instant in cither coil 
is directly proportional to the number of turns in that coil, 
and to the rate at which lines of flux are appearing or dis- 
appearing within each turn at that instant. Thus the induced 
o.m'f. has zero value when the flux reaches its maximum 
value (and is constant for an instant before it begins to 
decrease), and the c.m.f. has its maximum value when the 
flux is zero (and is changing at its greatest rate). In other 
words, the induced e.m.f. is 90° out of phase with the alter- 
nating flux. 

The direction of the induced e.in.f. at each instant must be 
such that the current which it would produce in the circuit 
would have a magnetizing action opposed to the change of 
flux which generates the e.m.f. This is in accord with Lenz’ 
law as stated in Chapter V of the First Course. If this 
were not so, it would not be possible to attain a settled con- 
dition in the circuit, and we should have a perpetual source 
of energy; because as soon as current and power were deliv- 
ered from the secondary coil XY, the flux would be increased 
by the magnetic action of the current. This would induce 
larger e.m.f. which would produce more current, and so 
on to infinity. 
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Thus, in Fig. 82, the curve 0 represents the variations of 
the flux (linking both coils) produced by the magnetizing 
current in flowing in the primary coil, and in phase with it. 
Then the curve e' a represents variations of the e.m.f. which 
is thereby induced in the secondary coil and e p represents 
the e.m.f. induced in the primary coil. In the magnetic 
circuit, we consider as positive the direction of flux produced 
by a current which flows in a positive direction through the 



Fia. 82. The magnetizing current, im, produces a flux of the sine 
wave-form, tf>. This flux sets up an e.m.f. e' P of sine wave-form in the 
primary coils and an e.m.f. e' a of sine wave-form in the secondary coils. 
Note that e' p and e* are in phase with each other but lag 90° behind 
the flux <t> and the magnetizing current im. 

electric circuit. In Fig. 82, the positive direction of e.m.f. 
e or of current i m is from A to B and from X to Y } within 
the coil in either case. Notice that if any current is pro- 
duced by the induced voltages e a or e' Pl it would oppose 
the change of the flux 0, and therefore of the current produc- 
ing 0. Thus such a current would be increasing while 0 is 
decreasing and it would be positive while 0 is negative. 
Notice also that both induced e.m.f.’s e\ and e' p lag 90° 
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behind the magnetizing current i m . This fact that the induced 
e.m.f. always lags 90° behind the current and flux which 
produces it is also shown in Art. 54, First Course. 

Assuming that all of these quantities vary with time 
according to the sine law (an assumption which will be dis- 
cussed later) we may represent their values and relations by 
vectors as in* Fig. 83. The lengths of the vectors represent 
effective values of the corresponding 

quantities. No current is flowing in \ 

the secondary coil, as yet, but a cur- \ 

rent Im is flowing in the primary coil _ ^ ^ ‘ 

which sets up the flux. In order to ° 7 ^ 

force the magnetizing current Im 

through the primary coil, we must 

apply an alternating e.m.f. to the Es 

primary coil which is large enough to 

overcome not only the IR drop, ImRp , 

caused by current I m flowing against , ^ > 

the resistance R P of the primary coil, ^ 83 _ Thc vector dia _ 


but also the e.m.f. E' P which is in- gram for the sine curves 
duced in the turns of the primary coil of Fig. 82 . The c.m.f.’s 
when the current Im flows. Now, Ep and E'„ induced in 
any good transformer is designed so the primary and second- 
that the coil resistances Rp and Rs ary> a f* ^ e m t e 

\ a magnetizing current Im 

arc made relatively small, to keep the an( j flux <f>. 
losses low and thc efficiency high, and 

I m is made small to keep thc power-factor high. The resistance 
drop in thc primary is therefore very small in comparison with 
the induced (counter) e.m.f. E p in the primary. For most 
practical calculations thc e.m.f. that must be impressed on 
the primary coil may be assumed to be opposite and equal 
to the induced voltage E' Pf as represented by E p in Fig. 84. 
This would be true not only for .effective values, but also for 
instantaneous values. Therefore, if thc wave-form of e.m.f. 
between the mains and impressed on the primary is harmonic, 
the wave-form of the induced e.m.f. must be very nearly 
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harmonic. It follows also that the flux must vary har- 
monically, because the induced e.m.f. is at every instant 
proportional to the rate of change of the flux, and the rate 
of change of an harmonic quantity 
itself varies harmonically. 

35. How the Transformer Adjusts 
Itself to Changes of Load. Now 

suppose we complete the circuit of 
XY externally in Fig. 81 and allow 
4> Ei, the voltage induced in the second- 
ary coil, to produce a current I 9 , lag- 
ging 0° behind E[, as represented in 
Fig. 85. The magnetic effect of this 
load current I 8 tends to change the 
flux <f>. But the slightest alteration 
of <f>, of course makes corresponding 
change in the induced e.m.f. E' p in the 
Fin. 84. The voltage E p p r j[ mar y # Now E' p very nearly bal- 
must be impressed on 3 , • , ,, -n i r 

the primary coil in order anced thc ,m P rcs8ed volta S c E * bcforo 
to overcome the induced I* began to flow, and the resultant 
voltage E' p . (Resist- voltage in the coil was almost zero 
ance drop of the coils is (being just sufficient to force the cur- 
* n dia ~ Tcn ^ ^ M trough the coil against its rc- 

gram * sistance R p ) . Thus the change in the 

induced voltage E p will cause the resultant voltage in the coil 
to attain an appreciable value. This resultant will cause more 
current to flow from the mains into the primary. Thc addi- 
tional current (represented by I p ) is called thc “ load compo- 
nent ” of primary current, and it will automatically increase in 
value until it develops a magnetic action exactly equal and 
opposite to that of X*. When this occurs, thc flux <j> is restored 
to its original or zero-load value, and there no longer exists any 
unbalanced e.m.f. in the primary. In other words, equilibrium 
is restored and the current is steady again. The total cur- 
rent taken by the primary coil AB from the supply line 
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would be the vector sum of the load component of primary 
current I' p and the magnetizing current Im- 

In order that I' P may have a magnetic effect exactly equal 



Fic. 85. When a current I « is allowed to flow in the secondary coils, 
a current fp, at 180° to I 8j will flow in the primary coil. 

and opposite to that of /*, the following relations must 
exist : 

(a) The phase of I' p must be exactly opposite to that of 
the load current /*. 

( b ) The ampere-turns in the primary due to the current 
I P must be exactly equal to ampere-turns in the secondary 
due to the load current I 9 , 

As N p equals number of turns in the primary and N M the 
number of turns in the secondary, this relation is expressed 
mathematically as follows: 

Nplp = -A T a Ia. 

Ignoring the directions, which are expressed by angles in the 
vector diagram, we find the following numerical relation to 
exist between these currents: 
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Load component of current in primary (Ip) __ N, 

Load current in secondary (/«) ~ N p 

Now, the magnetizing current Im never exceeds 10 per cent 
of the load current 1 P in any well-designed transformer, 
and in large transformers is considerably less than 1 per 
cent. (See Table A.) Also, I a is the only current flowing 
in the secondary. Therefore the statement made above for 
load currents is also practically true for total currents. That 
is, we may say without serious error for all but the very 
smallest and poorest transformers, that the total primary 
and secondary currents at any load near or above full load 
are inversely proportional to the number of turns in the 
primary and secondary coils. As the load approaches zero, 
this simple statement departs further from the truth. When 
I, equals zero and the total primary current reduces to 
Im, the above simple statement is, of course, absolutely 
wrong. 

36. Exciting Current. Magnetizing Current. Hyster- 
esis Current. We have assumed the flux 0 in Fig. 83, 84, 
85, to be maintained entirely by a magnetizing current Im 
which is in phase with 0. If the core or the magnetic circuit 
of the transformer were entirely composed of air or wood 
or some other non-conducting “ non-magnetic ” substance, 
this assumption would be correct. But when we use iron 
in the magnetic circuit, a certain amount of energy must 
be taken from the mains by the primary coil during each 
cycle of flux, to be transformed into heat and lost by “ molec- 
ular magnetic friction” or hysteresis, and by eddy currents, 
in the mass of the iron. We notice that the vector Im in 
Fig. 85 is in quadrature (90°) with the vector E p (terminal 
e.m.f. of primary), hence it represents zero power intake 
from the mains. In order to supply the power lost in the 
iron core during successive cycles, the primary coil must 
take a certain amount of 44 magnetic power component ” or 
44 hysteresis component 99 of current (hi), in phase with E p , as 
shown in Fig. 86. For convenience, this hysteresis compo- 
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nent is made to represent the losses due to eddy currents as 
^well as hysteresis in the core. That is, 



Watts lost in core due to hysteresis and e ddy current s 
Terminal volts of primary coil 


The total current which is necessary simply to maintain 
the flux is called the “ exciting current,” and it is the vector 


sum of Im and ///. It is the 
zero-load current of the trans- 
former, — the (measureable) cur- 
rent which actually flows in the 
primary when the secondary 
circuit is open. In Fig. 86 and 
89 it is represented by the vec- 
tor Ie . As <t> and Im arc in 
quadrature with E p and Ih , we 
see that: 

Value of exciting current or 
zero-load current 

Ie = V/fc + Hi- 

Power-factor of exciting cur- 
rent or zero-load current 
_ Ih = _ Ih 
1b Vih + ii,' 

In transformers of good de- 
sign, proportion and materials, 
and of good workmanship, opera- 
ting at rated voltage and fre- 
quency and sine wave-form of 
is between 1 and 10 per cent oi 



Fia. 86. The hysteresis current 
7//, leading I m by 90°, must flow 
in the primary coil in order to 
supply the hysteresis and eddy- 
current loss in the core. The 
exciting current 7 e is the vector 
sum of the magnetizing current 
Im and the core-loss current 7//. 

e.m.f., the exciting current 
1 the rated full-load current 


depending on the size (kilovolt-ampere) and the voltage. 


The ratio between Iu and Im is usually such that the power- 


factor of the exciting current Ie is from 10 to 50 per cent. 
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When the magnetic circuit contains no iron, or when iron 
is used in such manner that the maximum flux density B m 
is not carried above the “knee” of the saturation curve of 
the steel ( K in Fig. 87) the exciting current (Is) has a sine 
wave-form, if the impressed e.m.f. has a sine wave-form. 
This is because the exciting ampere-turns, N p Ib, and there- 
fore the instantaneous values of I e , are at every instant ex- 



Fig. 87. The saturation curve for steel. The flux is practically pro- 
portional to the exciting current until the saturation point K is 
reached. 

actly proportional to flux density B. This fact is shown by 
the curve between B and NjJe being practically straight 
between the points 0 and K . But if B m is carried beyond 
the knee of the saturation curve, as is usually the case with 
silicon steels used in transformers, the wave-form of the ex- 
citing current is not truly sinusoidal even when that of the 
impressed e.m.f. is harmonic. The reason for this is indi- 
cated in Fig. 88, for which we are indebted to the Electric 
Journal , September, 1914. If we follow the changes in flux 
as it proceeds through a cycle, wc see that: 

(а) When B — 0, Ie — OA . 

(б) When B increases to BD, Ie has increased to OB. 
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(c) When B increases to CE, Ie has increased to OC. 

(d) When B decreases to AF y Ie has decreased to OA 

again. 

And so on. In this way the curve for exciting current re- 
quired to produce a sine curve of flux and induced e.m.f. has 
been deduced, and it is plainly a non-sine wave-form. In 
vector diagrams we represent the exciting current by the 
equivalent harmonic or one which has the same R.M.S. (root- 
mean-square) value. 



Fig. 88. The curve of exciting current is shown by the heavy line. 
It is not a sine curve, even though the impressed e.m.f. is a sine 
curve, jjarticularly when the magnetization is carried beyond the 
saturation point. 


Example 2. The following data are given in the General Elec- 
tric Review , July, 1910, for a 400,000-volt transformer built for 
testing high-tension insulators: Rated capacity, 250 kv-a. Fre- 
quency, 60 cycles. Primary voltage, 1150 or 23(X) (for parallel or 
series connection of two primary coils) . Secondary voltage, 400,000. 
Core loss, 8400 watts (constant). Copper loss, 1270 watts at fidl 
load. Exciting current, 7.18 per cent (of rated full-load current). 
Efficiency at full-load, 96.3 per cent. Resistance drop, 0.51 per 
cent. Reactance drop, 5.4 per cent. 

Compute : — 

(а) The core loss current. 

(б) The exciting current. 

(c) The power-factor of the exciting current. 

From this data we derive the following: 


(a) 


8400_watts 
2300 volts 


= 3.65 amperes. 
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r 0 v , 250,000 watts „ 0 , , 

ip) Ie = 0.0718 X -~ 23o 6 volts ~ am P eres ~ zero-load cur- 
rent. 

3 65 

(c) Power-factor of exciting current = = 0.468 = 46.8%. 

7 .o 

The maximum value of the flux 4> is nearly constant at all loads 
if* the line voltage and frequency are constant, as is usual. The 
drop of voltage within the coils is a very small percentage of the 



Fia. 89. The primary load-current Ip is directly proportional to the 
secondary load-current I a . The total primary current / />, which is 
the resultant of Ip and the constant exciting current Ik, is not quite 
proportional to the secondary current Is, but, for all but light loads, 
may be so taken. 

applied voltage, in consequence of which the counter c.m.f., and 
the flux which induces it, are almost as nearly constant as the line 
voltage. It follows that at all loads the exciting current of a con- 
stant-voltage transformer is constant in value and in phase relation 
to the impressed voltage E p . Thus in Fig. 89, if the load Is is 
doubled, the current Ip also is doubled, but the exciting current 
Ie remains the same in value and position. Therefore the primary 
current Ip (vector sum of Ip and Ie) can never be exactly propor- 
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tioiml to tin 1 current output of the transformer Is, and the power- 
factor of the primary current will usually differ slightly from the 
power-factor of the secondary current. But as l }? is very small com- 
pared with 7/» at all loads except very light loads, we may assume 
for most practical calculations that the amperes input to the primary 
is directly proportional to the amperes output from the secondary, 
and that the power-factor of the input to the primary is equal to 
the power-factor of the output from the secondary. 

Prob. 5-3. A transformer rail'd . r > kv-a, (50 cycles, 2300 to 110 
or 220 volts, takes a current of 0.10 ampere at 0.40 power-factor 
from 2300-volt mains when the secondary circuit is open. ( *al- 
culate: (a) Kxciting current as per cent of rated full-load current.. 
(b) Magnetizing current in amperes and in per cent, (e) C'orc 
loss current in amperes and per cent. 

Prob. 6 3. (a) At zero load with secondary open, the trans- 

former of Prob. f> takes how many watts from the line? (M If 
tilt' resist a net's of primary and secondary coils are such that the 
primary copper loss is equal to the secondary copper loss at rated 
full-load, t he total copper loss being then equal to the core' loss, 
calculate 1 the' copper Ie>ss in watts at ze're» load. 

Prob. 7-3. A transformer rated 10 kv-a., 2200/110-220 volts, 
(50 cycles, take's 100 watts fmm a 2200-volt, tiO-ewcle' line', whe*n its 
seconelary is e>pen. (e/) If the* magnetizing e‘e>mpeme*nt is 00 per ee*nt. 
of the' exciting curre'nt, what is the* zero-load pe»we*r-factor of the 
transfe»rnier? 

t:. (b) What is the exciting current fe>r this Iransformi'r in an q teres 
and in per cent of rate'll full-load current? 

Prob. 8-3. If the transformer of Prob. f> and 0 delivers full- 
load curre'nt at SO pe*r cent pe»\ver-facte>r fmm the* secondary, cnlcu- 
la t e * : (a) Ampere's load component e>f primary e*urre*nt. (b) Total 
ampere's input- to primary including exciting current. 

37. Relation Between Flux, Voltage and Frequency in 
the Transformer, The maximum density B m al tained by 
the flux in the iron core during each cycle' is of great, impor- 
tance, as it affects all operating characteristics of the trans- 
former. The value of B, n depends upem the voltage and the' 
frequency applied te> a e*e>il, the number of turns in the coil, 
and tin* sectional area of the earn'. The equations represent- 
ing the 'si* relations are fundamental in all calculations of 
transformers. 
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Let <I J = maximum total number of lines of flux through 
core, linking with both primary and secondary 
coils. This flux alternates in direction and 
varies harmonically. 

Np -- number of turns in primary coil. 

Ns = number of turns in secondary coil. 

J — frequency number of cycles of (lux or of e.m.f. 
per second. 


As we have soon in Art. 33, 0 lines of flux appear or dis- 
appear within each turn of either coil every quarter period 

or ^ of j. seconds, — ^ seconds. 

Average raft; of cutting flux by each turn of either coil 

= — = 1/0 lines per second. 

4 7 


Therefore, 

Average e.m.f. induced in each turn 


0 X \f 

10 s 


volts. 


As the flux varies harmonically, the induced e.m.f. also varies 
harmonically. (See Appendix.) The form-factor of an 
harmonic e.m.f. for ratio of effective to average value) is 1.11. 
Therefore, 

Klfective value of e.m.f. induced in each turn 


1.11 X 0 X 1/ 
10 * 


volts. 


Klfective voltage^ induced in entire primary coil 


•1.11 0/AV 
10 s 


= E', 


KfTectivo voltage induced in entire secondary coil 
1. M 0/.V.S- _ 

1() s 


The amount of the core' losses and the magnetizing current, 
depend upon the maximum density of flux B m \ If A repre- 
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sents the area of core section at right angles to the flux, we 
have, 

* = B m A. 

Thus, 

4.44 f$ m AfXp „ 10 s Ep 


K’p 


and 


10 s ’ °‘‘ 1{ "‘ 4, I I .1 fX ’ 


, ■iA\n,„AfX s _ nmu 

S 10 s ’ 1)1 n -1,14 .l/.V.s' 


From these eciuations we see that: 

( 1 ) ( ‘hanging t li<' voltage*, changes Ii,„ in exact pmportion, 
all either things remaining equal. 

(2) (‘hanging the* fre'epieney, while keeping the* voltage 
constant, e*ause*s li m to e'hange in inverse pmportion to/. 

(4) (‘hanging the freque*ne'y and voltage in proportion to 
e*ach othe»r ke*e*ps H m une*hange*el. 

( t) (‘hanging tin* number e>f turns in a e*e>il, while* keeping 
the* voltage* ae*re>ss this e-oil e-onstant, cause's />\„ te> vary in 
inve*rse* pre>portie>n te> X. 

to) ( hanging the number e>f turns in a e*e>il anel t In* verlt- 
age* ae*re)ss it in pmport ie>n t e > e*ae*h other le*ave*s />,„ ms 
e-ha nge'd. 

((>) ('hanging the* e*re>ss-se*e*t ional area e>f the* imn eore\ at 
e-emstant voltage anel fre*que*ne*y, will change* />*,„ in inve-rse* 
proport i e > 1 1 if the* numl>e*r e»f turns in the* e-e>il remains fixe-d. 
If .Y is also changed, in inverse; proportion te> A, them li, n 
re*rnains fixe*el. 

The highest ventage at whie*h we; can e>pe*rate* a give*n trans- 
fe>rme*r elepenels not only upon the* insulation,* but alsei u))e)n 
If B,„ is to be* carrie*d much beyond the* “ kne*e* e>f the sat- 
urat i< >t i e-nrve*, ” the* e*xe-it ing eurrent. en- zero-load e*urre*nf must 
be much ine*re*ase*d, the* peiwer le>sse*s in coppe*r and in iron 


* Standardizatiem Rules of A.T.E.E. re-quire* t lie* insulation of a t rails - 
forme*r to stand te*st, for 00 se*<-e>ruls at voltagi-s of from 2 to . r » tiim-s the* 
operating voltage*, depending on the* type* of t riinsformer. Se-e- §217 t'« 
2.">7, St andardizat ion Rule's, A.I.K.K. 
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arc much increased, and the temperature rises unless the 
current output is reduced. If we desire to build a transformer 
for higher voltage at a given frequency, we must increase the 
area of the core (and volume of iron), or the number of turns, 
or both, so as to conform to the above equations while keep- 
ing B m within a reasonable or economical limit (see Table III). 
We must also use more or better insulation. Of course we 
may increase the kilovolt-ampere capacity at any given 
voltage and frequency by increasing the current and en- 
larging the size of wire in both coils enough to keep the I 2 R 
loss relatively low and the efficiency high. 

Transformers suitable for a given voltage must have more 
iron (larger value of A in equation) when designed for a low 
frequency than when designed for a high frequency. Or, 
we may keep B m within bounds by changing N in inverse 
proportion to /, keeping the same core. But in this case, 
since the coils must carry the same current to deliver the 
same kilovolt-amperes at the given voltage, the PR loss 
will be changed approximately in proportion to the number 
of turns or in inverse proportion to the frequency. To avoid 
overheating and reduction of efficiency, both cross-section 
and length of wire would have to be doubled at the same 
time the frequency was reduced to half to maintain the same 
capacity; and this entails a larger core in order to obtain the 
necessary winding space. 

Prob. 9-3. If a 60-cycle transformer be designed for 1 volt per 
turn, what must be the total maximum flux? 

Prob. 10-3. If a transformer core has a cross sectional area of 
100 sq. in. and the primary coil has 10,000 turns, what effective 
value of line voltage at 60 cycles will give a maximum density of 
60,000 lines per sq. in. in the core? 

Prob. 11-3. (a) How many flux-turns, or interlinkages be- 

tween turns and maximum cyclic value of flux, are necessary in a 
25-cycle transformer for a 2300-volt line? 

( b ) What must be the area of the core of this transformer if we 
use 2000 turns in the 2300-volt coil, and B m is not permitted to 
exceed 50,000 lines per sq. in.? 
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Prob. 12-3. What maximum flux density will be attained in a 
core having 20 sq. in. sectional area, surrounded by a coil of 3000 
turns connected to a 6600- volt 60-cycle line? Sine wave of c.m.f. 

Prob. 13-3. A transformer primary consists of two equal coils 
which are designed to be connected in series to a 2200-volt line. 

(a) If they arc connected in parallel instead of in series, by what 
percentage will the flux density be increased or decreased from its 
normal value? 

(b) By what percentage will the secondary voltage be increased 
or decreased from its normal value? 

38. Losses and Efficiency of the Transformer. The 

losses of power in the transformer are classified as copper 
losses and core losses. The copper losses consist of I%Rs in 
the secondary coils and IjAlp in the primary coils. The core 
losses are due to hysteresis and eddy-currents in the iron core 
of the transformer. The total losses amount to only a small 
percentage of the power transformed when the output is 
anywhere near full-load. Efficiencies at full-load, usually 
calculated on basis of unity power-factor load, unless other- 
wise stated, range between 95 per cent for very small trans- 
formers (J kv-a.), and 98.5 or 99.0 per cent for very large 
transformers (5000 to 15,000 kv-a.). 

The methods for calculating efficiency that were explained 
in Art. 3, Chapter I, may be applied also to transformers. 
The statements made there concerning relation between 
fixed losses and variable losses at the load where maximum 
efficiency occurs, apply more accurately to transformers than 
to generators. To these should be added the statement that 
a low load-factor generally produces a low all-day efficiency. 

Load-factor has various meanings in popular usage (see any 
Electrical Handbook), but the one sanctioned by “ Standardization 
Rules” of the A.I.E.E. is as follows: “The load-factor of a machine, 
plant, or system is the ratio of the average power to the maxi- 
mum power during a certain (specified) period of time.” Accord- 
ing to this definition, when the load on a generator is perfectly steady 
or constant, the load-factor is unity: and whenever the load-factor 
is less than unity, it is implied that the load is unsteady or varying. 
Lower load-factors correspond either to wider range of fluctuation 
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or to mo rr prolonged periods of light load. The daily load-factor 
and the monthly load-factor arc significant mainly in relation to 
the efficiency of the plant, which has some effect upon the cost of a 
kilowatt-hour. But this cost depends principally upon the annual 
load-factor. Tn most central stations, the highest load in the en- 
t ini year lasts only three or four hours per day for about, two months, 
during December and January. To carry this supreme peak, 
machinery must be bought which stands idle or operates lightly 
loaded the remainder of the year. Fixed charges inust be paid 
and earned for this investment, and these charges are usually levied 
against all the kilowatt-hours sold, making the crust of each kilowatt- 
hour much larger t han it would be if the load were steady. For, if 
the load were steady, wo could deliver the same* number of kilowatt- 
hours with less kilowatts capacity and therefore loss first-cost. 

A load-factor of do or 40 per cent is exceptionally good for a 
central station. High load factors are obtained by connecting as 
many different types of power-consuming devices as possible, to the 
station, and getting as many different customers as possible'. 

The core loss of a given transformer is nearly constant, at. 
all loads, provided the applied voltage? and freeptoney are 
eonslant. Investigation has disclosed that, the power lost 
duo to hysteresis depends upon the' chcmienl eomposit ion of 
the iron used, the. ineehunical and heat treatment to which 
the iron has be'cn subjected, the' freepieuievy of iwersals, the? 
maximum value of llux attained during the eyolo, and the 
wave'-form of induct'd e.m.f. or of flux. All of this is e*x- 
pivssed in the equation 
where* Pri = WK r ifB\f, 

Pa — watts lost due to hysteresis. 

/ — freeiueney of induced e'.m.f., cycles per seeontl. 

B m — maximum value? of flux density, line's pe*r square 
inch. The exponent of B m varie\s with the 
composition and treatment of the steed; 1.0 is 
its average value'. 

TT r = pounds weight e)f iron acteel on by the alternating 
flux. 

Kn ~ a eons tan t. for any givem kind of iron, but eliffeuvnt 
for various kinds e>f iron, depending upon the? 
e*he'i i lica 1 e?on i posit ioi i , t rent men t, hardness, et c?. 
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Values of Ph reported in Tram . A.I.E.E: } Vol. XXVIII, 
page 465, range between 1.0 and 2.0 watts per pound for 
ordinary steels containing no silicon, and from 0.54 to 0.82 
watts per pound for “silicon steels, ” containing from 3 to 
4 per cent of silicon. These values were measured while the 
flux varied harmonically, and B tn was 64,500 lines per square 
inch. The frequency was 60 cycles per second. 

The loss due to eddy currents is an I 2 R loss caused by 
currents in the mass of the iron. These are produced by 
e.m.f.’s which are induced in the iron just as e.m.f. is induced 
in primary and secondary coils by the alternating flux. When 
alternating flux traverses a solid block or bar of iron the 
eddy current loss is very large, often heating the iron in a 
few minutes so that it is too hot to touch. By cutting up 
the iron into sheets parallel to the direction of the flux, and 
varnishing, oxidizing or otherwise insulating the sheets so that 
current cannot pass from one to another, the paths which 
the eddy currents must traverse arc made longer. This 
reduces the watts loss in proportion to the square of the 
thickness of the laminations. The eddy-current loss may be 
represented by the equation: 

Pe - WKb f 2 BU\ 

where 

Pe — watts lost due to eddy currents. 

/ = frequency, cycles per second. 

B m = maximum flux density in core, lines per square inch. 
t — thickness of laminations of core, inches. 

W — weight of iron acted on by alternating flux, pounds. 

Ke = a constant for any kind of iron, but different for 
various grades of iron, inversely proportional to 
their specific electrical resistance. 

Tests show that Pe ranges between 0.36 and 0.70 watts 
per pound for ordinary annealed sheet steel, and between 
0.12 and 0.18 watts per pound for special “silicon-steels” 
used in transformers (containing 3 to 4 per cent of silicon). 
These values are on the basis of a frequency of 60 cycles, a 
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maximum flux density B m of 64,500 lines per square inch, and 
a value of 14 mils (0.014 inch) for the thickness (£)• 

From the above equation it is seen that we can easily re- 
duce the eddy current loss by making the laminations 
thinner, whatever may be the values of B m , /, Kb and W. 
The limit is reached commercially when t = 14 mils, how- 
ever, because it is not practicable to handle thinner sheets 
than this in manufacturing operations. Thus, if the sheets 
were twice this thickness, or 28 mils, the loss in silicon steels 
t 2 0.028 2 

would be between ^ X 0.12, or 0.48, and ^ or 

0.72 watt per pound at 60 cycles and 64,500 lines per square 
inch. To reduce the eddy-current watts to the previous values 
while using iron 28 mils thick, we should reduce B m to 82,250 
lines per in. 2 . In ordinary practice the laminations are thin 
enough to reduce the eddy-current loss to a value not exceed- 
ing 25 per cent of the hysteresis loss. 

The only operating conditions which affect the hysteresis 
loss, Phj and the eddy current loss, Pe, and therefore the 
core loss which is their sum, are B m and/. The relation be- 
tween B mj /, and the induced voltages in the coils, has been 
explained in Art. 37. The induced e.m.f. in the primary 
will be f'ery nearly equal to the applied e.m.f. because the 
resistance and reactance of a well-designed transformer cause 
only a small percentage voltage drop. If the frequency 
and effective value of the line e.m.f. are constant, therefore, 
B m is nearly constant. If the wave-form also is constant, as 
is usual, the core losses remain the same at all loads. The 
total watts input to the transformer at zero-load, with the 
secondary circuit open, is practically equal to the core loss. 
This input really includes a slight amount of I 2 R loss due to 
the exciting current : but as the exciting current is less than 
10 per cent of the full-load current, this I 2 R loss is less than 
(0.10 X 0.10) or 1 per cent of the full-load copper loss in 
the primary, or about one-half of one per cent of the total 
full-load copper loss. This is entirely negligible in eompari- 
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son with the core losses. Therefore we say that the watts 
input with open secondary are equal to the core losses. 
Connections for measuring core losses are shown in Fig. 90. 

The cores of modern transformers are usually made of 
“ silicon steel,” which contains from 3 to 4 per cent of sili- 
con alloyed with the iron. Although the permeability is 
reduced by this addition of silicon, the hysteresis loss and 
eddy-current loss corre- 
sponding to given values 
of B m and / are both 
greatly reduced. An- 
other practical advan- 
tage of silicon steel is 
that it is “non-aging.” 

It is found that the 
value of Ku in the 
formula for hysteresis 
loss increases quite re- 
markably in ordinary 
steels if they are main- 
tained hot (80° to 100° 

C.) for long periods of 
time, say six months. 

This increase may fi- 
nally amount to several 
hundred per cent. As the aging produces higher losses and 
further heating, the condition aggravates itself and causes 
overheating and a very serious increase in operating expense. 
Although silicon steel is harder to work with and is more ex- 
pensive than ordinary steel, the cost of the transformer is not 
much increased because higher magnetic densities and less 
quantity of iron may be used without causing excessive core 


Fig . 00. Connections for measuring the 
core loss of a transformer. Normal 
voltage, indicated by voltmeter V, is 
impressed on the low-tension terminals 
and the power taken is indicated by the 
wattmeter W. The high-tension ter- 
minals arc open. (If the wattmeter is 
not “ compensated,” the power consumed 
by its pressure-coil must be calculated 
(from voltage and coil-resistance) and 
subtracted from the wattmeter reading 
connected in this way.) 


The copper loss in transformers is about equally divided 
between primary and secondary coils. If Np = 10 Ns f then 
Ip = tV Is and Ip = 0.01 1%. Therefore, to make Rplp « 
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Rsl%, we must have Rp = 100 Rs- Then, 100 Rs X 0.01 1% 
= In a test of 5 different samples of 15 kv-a. dis- 

tributing transformers, designed to step-down the voltage 

from 2400 to 240 ^or, ~~ = , it was found that the 


ratio ^ ranged between 72 and 108. The distribution of 

copper loss will vary correspondingly, of course. The value of 
copper loss is usually calculated from the rated-load current 
in primary and secondary, and the coil resistances. It may 
be measured, however, by short-circuiting the low-tension 
coil of the transformer through an ammeter and applying 

just enough volts to the 
high-tension coil to pro- 
duce rated full-load cur- 
rent. The watts input 
measured under this con- 
dition are practically equal 
to the full-load total I 2 R 
loss, because the fltix re- 
Fig. 91. Connections for measuring qu ired to produce this cur- 
thc copper loss in a transformer. , . . , • ., . 

a i*s • i • • j rent m the short-circuited 

Sufficient voltage is impressed on the 

high-tension terminals to cause full- transformer is such a small 
load current to flow through the 
short-circuited low- tension coils. The 
copper loss will be indicated on the 
wattmeter W. 



percentage of the flux at 
rated voltage that the core 
losses are negligible. The 
connections for making this 
test are shown in Fig. 9 1 . For accurate work the wattage read- 
ing (W) may be corrected to allow for the core losses (which 
may be measured on open-circuit with the same voltage applied) 
and for the power lost in the pressure coil of the wattmeter. 


The guaranteed values for losses, efficiencies at various loads, 
voltage regulation at various power-factors/ and exciting current, 
for two lines of distributing transformers manufactured by a well- 
known large company, are given in Tabic A. The “ Type SA ” 
transformers have a higher core loss and lower efficiency than 
“ Type S ” transformers. Higher flux densities and less mater ial 
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TABLE A 

Performances of “ Type S ” Single-phase Transformers 
2200 Volts High Tension on 2200-Volt Circuit — 60 Cycles 


Kv-a. 

Watts loss. 

Per cent efficiency. 

Per cent regulation. 

• 

Excit- 

ing 

cur- 

rent. 

Iron. 

Cop- 

per. 

Full 

load. 

Ixwul 

* 

Load 

Load 

100% 
P. F. 

00% 
P. F. 

80% 
P. F. 

60% 
p. k 

* 

15 

13 

94.7 

94.4 


88.7 

2.62 

KV7 

3.28 

HE 

8.0 

1 

20 

24 

95.8 

95.7 

95.1 

92.0 

2.42 


3.12 

3.04 

5.5 

H 

25 

35 

96.0 

96.0 

mm 

92.7 

2.36 


WWfi 


4.0 

2 

30 

42 

96.5 

96.5 

96.2 

93.8 

2.12 

2.76 



3.6 

2 * 

33 

51 

96.8 

96.8 

K3E 

94.5 

2.08 

2.71 

2.83 

2.83 

3.3 

3 

34 

64 

96.8 

miymi 

mm 

95.2 

2.16 

2.79 

2.91 

2.88 

3.0 

4 1 

mm 

75 

97.2 


97.1 

95.7 

■ Kill 

2.77 

mm 

3.12 

2.5 

5 

45 

93 

97.3 

97.5 

mm 

96.1 

mm 

2.76 

2.99 

3.11 

2.3 

74 

62 

125 

97.6s 

97.7 

97.6 

96.4 

RE 


EES 

EWirT 

2.2 

mum 

SO 

148 

97. S 

97.9 

mm 

96.5 

1.51 

2.42 

2.68 

2.89 

1.9 

15 

105 

212 

97.9 

98.0 

97.9 

W.rili: 

1.44 

2.36 

2 63 

2.85 

1.6 

20 

131 

268 

98.0 

98.1 


i® 

1.39 

2.51 

2.87 

3.21 

1.5 

25 

147 

319 

98.2 

98.3 

ISSE 

97.4 

1.33 

2.45 

2.82 

3.17 

1.3 

mm 

163 

374 

98.2 

98.4 

KmE 



2.45 

wmi* 


1.2 

374 

197 

433 

98.3 

98.4 

98.4 

El 


2.34 

wMrtz 


1.2 

cap 

m 


98.4 

98.6 

98.5 

97.9 

1.15 

2.29 


3.07 

1.0 


* In per cent of full-load current. 


Performances of * * Type SA" Single-phase Transformers 
2200 Volts — 60 Cycles 


K v-a. 

Watts loss. 

Per cent efficiency. 

Per cent regulation. 

Iron. 

Cop- 

per. 

Full 

load. 

load. 

load. 

load. 

100% 
P. F. 

00% 

P. F. 

n. 

60% 

P. F. 

h 

21 

13 

93.6 

93.0 

91.1 

85.1 

2.61 

3.00 

2.98 

2.76 

1 

28 

24 

95.0 

94.8 

93.6 

89.5 

2.41 

2.82 

2.82 

2.64 

1J 

35 

35 

95.5 

95.4 

94.5 

91.0 

2.34 

2.76 

2.76 

2.60 

2 

41 

42 

96.0 

95.9 

95.1 

92.0 

2.11 

2.55 

2.58 

2.46 

2* 

45 

51 

96.3 

96.2 

95.6 

92.8 

2.05 

2.49 

2.53 

2.42 

3 

47 

64 

96.4 

96.4 

95.9 

93.6 

2.14 

2.57 

2.60 

2.48 

4 

55 

75 

96.8 

96.9 

96.4 

94.4 

1.89 

2.35 

2.40 

2.33 

5 

63 

93 

97.0 

97.0 

96.7 

94.8 

1.87 

2.33 

2.39 

2.32 

7* 

90 

125 

97.21 

97.2 

96.9 

95.0 

1.68 

2.16 

2.23 

2.20 

10 

115 

148 

97.4 

97.4 

97.0 

95.3 

1.50 

2.21 

2.38 

2.49 

15 

148 

212 

97.6; 

97.7 

97.4 

95.9 

1.43 

2.15 

2.33 

2.46 

20 

181 

268 

97.8 

97.8 

97.6 

96 w 2 

1.36 

2.09 

2.27 

2.41 

25 

206 

319 

98.1 

98.1 

97.8 

96.5 

1.31 

2.24 

2.52 

2.76 

30 

225 

374 

98.0 

98.1 

97.9 

96.8 

1.28 

2.21 

2.50 

2.75 

37* 

278 

433 

98.1| 

98.2 

98.0 

96.9! 

1.19 

2.13 

2.43 

2.69 

50 

338 

550 

98.3 

98.3 

98.1 

97.1 

1.14 

2.20 

2.56 

2.89 
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are used in the former than in the latter, resulting in a cheaper 
transformer. The normal operating temperature is also higher 
and the overload capacity correspondingly less. 

Example 8. How many dollars less per year does it cost to 
operate a 50 kv-a. Type S transformer (Table A) than a 50 kv-a. 
“ Type SA ” transformer? How many dollars more can we afford 
to pay for the “S” than for the “SA” ? 

With the same load in both cases, as a basis of comparison, the 
total ann ual watt-hours of copper loss will be the same for both 
types of transformers. But the difference of 98 watts in the core 
loss (338 — 240) amounts to 854 kilowatt-hours in one year (365 X 
24 X 0.098), because the distributing transformer usually remains 
permanently connected in readiness to serve, and the core loss is 
continuous every hour in the year. If energy costs 2 cents per 
kw-hr. delivered at the transformer, it costs $17.08 per year less to 
operate the “S” transformer. If each dollar invested is required 
to earn $0.13 per year to cover fixed charges, we could afford to 
17 08 

pay -- '■ ■ - or $131 .38 more for the “Type S ” than for the “Type SA ” 
0.13 

transformer. If the extra cost of the S transformer were less than 
$131, we should gain by choosing it in preference to the “ SA ” 
transformer; but if the extra cost were more than $131, we should 
prefer the “ SA ” type. If (as is often the case) the copper losses are 
higher in transformers which have lower core losses, the advantage 
of low core losses is correspondingly reduced. 

This treatment of the cost of transformer losses and effect of 
distribution of losses upon the value of the transformer, is by no 
means complete. For complete treatment, see Trans. A.I.E.E . , 
Vol. XXX, page 2181. 

Let us calculate the commercial efficiency of the 50 kv-a. “ Type 
S ” transformer, at full-load non-inductive. 

Output in watts 

= (kv-a. X 1000) X (power-factor) = 50,000 X 1.0. 


Total loss in watts 


Efficiency = 


core loss + copper loss 

output • 50,000 

output -|- total loss 50,790 


- 240 + 550 - 790. 


= 0.984 - 98.4%. 


If the transformer operates at rated full-load kv-a. but at 80 per 
cent power-factor, the core loss remains approximately the 
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same, and the copper loss likewise, but the power output is 
reduced. Thus, 

Efficiency at full-load, 80 per cent power-factor 


50,000 X 0.8 
40,000 4-240+550 


per cent. 


When the output or load of the transformer is reduced, the 
copper loss decreases as the square of the current, but the core loss 
remains approximately the same if the line voltage is constant, as 
usual. Thus, at quarter load or one-quarter of full-load current, 
and 50 per cent power-factor, we would have: 

Core loss 

= 240 watts. 


Copper loss 

= (i) 2 X 550 watts 


** 34.4 watts. 


Output 


Efficiency 


J of 50,000 volt-amperes X 0.5 (power-factor) 

= 6250 watts. 


6250 

6250 4 240 + 34 


«= 95.8 per cent. 


Comparing this with the value of 97.9 per cent for quarter load 
non-inductive which appears in Table A, we perceive again the 
sacrifice in efficiency due to low power-factor. 

Prob. 14-3. The hysteresis loss in a given sample of trans- 
former steel is 0.60 watt per pound at 60 cycles and a maximum 
density of 64,500 lines per square inch for a harmonically varying flux. 

(a) What would be the watts per pound at 25 cycles frequency? 

(b) At 133 cycles frequency? (Same B m in all cases.) 

(c) What is the flux density in lines per square centimeter? 

Prob* 15-3. What would be the watts lost per pound due to 

hysteresis in the steel of Prob. 14, if the maximum flux density at 
60 cycles were 

(а) Half as great? 

(б) Twice as great? 

(c) 45,000 lines per sq. ip.? 

Prob. 13-3* How many watts would be lost in hysteresis in a 
core weighing 120 lbs. made of the same steel as in Prob. 14, but 
operated at 25 cycles with a flux density of 75,000 lines per square 
inch? 
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Prob. 17-3. The eddy-current loss in a given sample of trans- 
former steel is 0.15 watt per pound when worked at 60 cycles with 
a maximum flux density of 64,500 lines per square inch, the thick- 
ness of laminations being 14 mils. If B m remain the same, but 
the steel is worked at 25 cycles, how many watts are lost per pound? 
By what percentage must the voltage across the exciting coil be 
changed when f is thus reduced, in order not to change B m ? 

Prob. 18-3. What would be the eddy-current loss per pound 
of the same steel as in Prob. 17, worked at the same frequency 
(60 cycles) and the same density, but used in sheets of No. 26 
gauge, having a thickness of 18.7 mils? 

Prob. 13-3. If the steel of Prob. 17, in laminations 18.7 mils 
thick, were used at 25 cycles frequency but the same maximum 
density (64,500 lines per square inch), what would be the watts 
lost per pound in eddy currents? 

Prob. 20-3. What would be the watts lost per pound in eddy 
currents for the steel of Prob. 17, if used in a 25-cycle transformer 
at 96,750 lines per square inch, the thickness being 18.7 mils? 

Prob. 21—3. If Prob. 14 and 17 both refer to the same sample 
of silicon-steel, what per cent of the total core loss is due to hystere- 
sis, and what per cent is due to eddy currents? (/ = 25.) 

(а) When B m = 64,500 lines per sq. inch? 

(б) When B m ~ 96,750 lines per sq. inch? 

39. Station or Power Transformers. Distributing Trans- 
formers. It is not economical or practicable to build 
alternators capable of generating pressures as high as 
are necessary for most economical distribution of electric 
power. It is usual, therefore, to wind the generator for a 
moderately high pressure and to use large “ step-up” trans- 
formers within the station to raise the voltage to a value 
best suited to the transmission line. Thus we now have 
several transmission systems operating at 140,000 volts, 
although the generated voltage rarely exceeds 6600 to 13,000 
volts. These large transformers are called “station trans- 
formers ” or “ power transformers.” Similar ones are also 
used as “step-down” transformers in substations, where they 
reduce the very high pressure of the transmission line to a 
moderate pressure, suitable for distribution through the 
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streets of a town, or for operating a large converter or alter- 
nating-current motor. The terms step-up and step-down in- 
dicate merely whether the power output of the transformer 
is at a higher or a lower pressure than the input; the same 
transformer may be used either way, provided we do not 
allow the voltage across any coil or the flux density in the 
iron to be higher than that for which it was designed. 

Thus, to supply alternating current for lights and motors 
over a town or area of say two miles radius, we would have 
'a transformer substation containing a station transformer 
large enough to supply the maximum total kilovolt-ampere 
demand of this area. The transformer would be wound 
and insulated so as to be able to take in this much power 
from the 140,000-volt transmission line or feeder, and to 
deliver it at about 2200 volts to the local distributing lines 
or mains. Individual consumers, or groups of adjacent con- 
sumers, take power from these distributing mains through 
“distributing transformers,” which take in power at the 
pressure of the distributing mains, usually about 2200 volts, 
and give it out at 110, 220, 440, or 550 volts, as may be nec- 
essary to suit the consumers’ apparatus. Distributing trans- 
formers are therefore designed to change relatively small 
amounts of power, rarely over 50 kv-a., from moderate volt- 
age to low voltage. Station transformers arc designed to 
change large amounts of power, 100 to 10,000 kv-a., either 
from moderate pressure to a very high pressure within the 
generating station, or from very high pressure to moderate 
pressure in the substation. 

The reasons for using two stages in this step-down trans- 
formation from high-tension feeder to consumer, are as 
follows: 

(a) It is impracticable to make high-tension transformers 
in sizes smaller than about 100 or 200 kv-a. 

( b ) The insulation for very high pressures is so expensive 
and so difficult to build that the cost per kilovolt-ampere 
capacity is much greater than when moderate pressures are 
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used. This is true of overhead transmission or distributing 
lines and underground cables, as well as of transformers. 

(c) In most cities or thickly populated districts, there are 
laws or ordinances limiting the voltage that may be used. 
In this connection it should be noted that 1000 or 2000 volts 
would be just as quickly fatal as 100,000 volts to people who 
might come in contact with the wires, but the risk of break- 
ing down the insulation and of producing dangerous disturb- 
ances in adjacent low-tension circuits would be much greater 
if very high pressures were used on the distributing mains. 

(d) A large space is required between line wires on high- 
tension circuits, which not only takes more room than is 
available in well-populated districts, but requires higher, 
heavier and more expensive poles. It is found impracti- 
cable to use underground cables for pressures higher than 
about 25,000 volts. 

Station transformers may differ from distributing trans- 
formers also in the relative proportion of fixed losses and 
variable losses. The peak load of the various consumers 
connected to a substation is less likely to be excessive 
than the peak load of the consumers connected to a dis- 
tributing transformer, because the number and diversity 
of the power-consuming apparatus connected to the sub- 
station are greater than the number and diversity of that 
connected to a distributing transformer. Therefore the load- 
curve for a station transformer is likely to be smoother than 
the load-curve for a distributing transformer; or, the load- 
factor of the former is likely to be higher than the load- 
factor of the latter. The transformer, in either case, should 
be designed or selected so that the relation between its fixed 
losses and its variable losses produces maximum efficiency 
at the load under which the transformer operates most of 
the time, or so that its all-day efficiency is as great as pos- 
sible. The reasons for these statements will be understood 
by careful study of Art. 4 on efficiency of the alternator, 
and by solution of the following problems. 
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Prob. 22-3. A paper by J. D. Ross in Trans . A.IJ5.E., April, 
1912, gives valuable and complete detailed data on efficiencies of 
all parts of a 13,000 kv-a. hydro-electric generating plant and 
transmission system. The generating station contains 9 trans- 
formers each rated 1500 kv-a., stepping up the generator pressure 
of 2300 volts to the transmission pressure of 60,000 volts. These 
transformers were all in circuit continuously. Careful computa- 
tions from actual readings and records of calibrated meters yielded 
the following results: 

Total constant loss (iron loss) in 9 transformers in one year 
= 926,000 kw-hr. 

Total variable loss (copper loss) in same transformers in same 
year = 200,000 kw-hr. 

Total input to same transformers in same year = 28,648,000 kw-hr. 

Calculate: 

(a) All-day efficiency for the average day. 

( b ) Average kw. iron loss, per transformer. 

(c) Average kw. copper loss, per transformer. 

(d) Average kw. input, per transformer. 

(e) Average input as per cent of rated load (1500 kw. at unity 
power-factor). 

(/) Average constant loss as per cent of total loss. 

(g) Average variable loss as per cent of total loss. 

Prob. 23-3. In the Seattle Municipal Light and Power System 
referred to in Prob. 22-3, the main substation in Seattle contains 
eight (8) transformers, each of 1500 kv-a. capacity (or 1500 kw. at 
unity power-factor) stepping down from the 60,000-volt transmis- 
sion pressure to 15,000 volts for distribution to smaller substations. 
The data on the transformers in the main substation are as follows: 

Total constant (iron) loss in 8 transformers in one year = 692,000 
kw-hr. 

Total variable (copper) loss in same transformers in same year 
= 217,500 kw-hr. 

Total input to same transformers in same year = 27,144,700 
kw-hr. 

Calculate same items as in Prob. 22-3, and compare correspond- 
ing values. On this basis, discuss relation between all-day efficiency, 
relative proportion of constant and variable losses, and average load 
as percentage of rated load of the transformer. These step-down 
transformers are of exactly the same construction as the step-up 
transformers in the generating station (Prob. 22-3). 

Prob. 24-3. Current from the main substation of Prob. 23-3 
is distributed at 15,000 volts to two smaller substations and to 
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about twelve mills and factories which use large amounts of power. 
There are 30 transformers connected to the 15,000-volt lines step- 
ping down to 2400 volts. They range in size from 750 kv-a. to 50 
kv-a., and have a combined capacity of 6250 kv-a. The data on 
these transformers, altogether, is as follows: 

Total constant (core) losses in one year = 694,000 kw-hr. 

Total variable (copper) losses in one year — 81,100 kw-hr. 

Total input in same year = 11,493,500 kw-hr. 

Calculate same items as in Prob. 22-3, and compare corresponding 
results of Prob. 22, 23 and 24. Continue the discussion along same 
lines as in Prob. 23-3. 

Prob. 26-3. Power is distributed from the smaller substations 
of Prob. 21 by means of seventeen 2400-volt mains. Connected to 
these mains are 1082 distributing transformers, ranging in size 
from 2$ kv-a. to 50 kv-a., and with an aggregate full-load capacity 
of 9268$ kv-a. The data on these transformers for the same year 
are as follows: 

Total constant (core) loss in one year — 960,000 kw-hr. 

Total variable (copper) loss in same year = 431 ,000 kw-hr. 

Total input in same year = 12,478,300 kw-hr. 

Calculate same items as in Prob. 22, and continue the comparison 
and discussion along the lines specified in Prob. 23 and 24. 

40. Effect of Operating Transformers at Wrong Voltage. 

If wc raise by a given amount the effective value of the 
e.m.f. impressed upon the primary of a transformer, a rela- 
tively greater change in the exciting current is produced. 
The amount and importance of this effect may be judged 
by the following extract from the standard specifications for 
transformers used by the U. S. government (see Circular 
No. 22, U. S. Bureau of Standards). 

“The exciting current shall in no case exceed 10 per cent 
of the full-load current, and for transformers of 10 kw. or 
larger, shall not exceed 8 per cent of full-load current. With 
an applied voltage 10 per cent above normal, the exciting 
current shall not exceed 20 per cent of the full-load current. ” 

In other words, it is probable that a 10 per cent increase 
of (effective) voltage may more than double the exciting 
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current, so that this limit must be set by a specification. 
Raising the voltage increases both the core-loss current Ih 
and the magnetizing current Im , therefore the exciting current 
Ie is increased faster than either of its components. If Im 
increases faster than Ih as the voltage is raised the power- 
factor of the exciting current becomes less. Fig. 87 shows 
how great an increase of Im is necessary when the voltage is 
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Fig. 92. When 2100 volts are impressed in the primary coils the ex- 
citing current is 1 per cent of the full-load current. When the im- 
pressed voltage is raised (less than 20 per cent) to 2500 volts, the 
exciting current is doubled, becoming 2 per cent of the full-load 
current. From Proc . N.E.L.A., 1909. Vol. 1. 

raised to a value which carries B m above the knee of the sat- 
uration curve of the core material. Fig. 92 shows how 
rapidly Is increases when the pressure is increased more than 
a few per cent above rated voltage. In fact, the overvolt- 
age may be sufficient to cause the exciting current to be 
larger than rated full-load current, so that the transformer 
would be overheated without load. 

Raising the voltage increases the range through which the 
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flux density in the iron core varies during each cycle. In 
fact, if the frequency is constant, the maximum flux density, 
B m , attained during each cycle increases in direct propor- 
tion to the voltage. This causes an increase of the magnetiz- 
ing current Im which is more than proportional to the value of 
B n or to the voltage, on account of decrease in permeability 
of the iron due to increase in saturation. The increase of 
B m also causes a sharp increase in the amount of core losses 
and therefore also in the core-loss current Ih, since 
T Total core loss 

Ih = w P 

The effect of voltage on core loss is illustrated by Table I, 
which is adapted from Taylor's excellent book “ Transformer 
Practise.” From this table we see that if we operate an 
ordinary 60-cycle transformer at 10 per cent overvoltage, 
the total core loss is about 23 per cent higher than it would 
be in the same transformer operated at its rated voltage. 
Then 

Core loss _ 1.23 times no r mal core loss _ 1.23 
Voltage 1.10 times normal voltage 1.10 

or 1.12 times normal core-loss current. 

In other words, a 10 per cent incifease of voltage above nor- 
mal increases the hysteresis component of the exciting cur- 
rent 12 per cent above normal. This relation is not the 
same for all transformers, but depends upon the quality of 
iron used, and how near to the knee of the magnetization 
curve it is being worked at normal voltage, as well as upon 
the relation between hysteresis and eddy-current losses. 

For the effect of voltage changes upon the magnetizing 
current Im, consider Table II which is adapted from Bulletin 
U. S. Bureau of Standards, Vol. 5, No. 4, on “The Testing 
of Transformer Steel.” It shows for a particular sample 
of silicon steel, such as is used in transformers, the relation 
between magnetizing ampere-turns per inch length of trans- 
former core and the flux density produced in the core 
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(expressed in lines per square inch). Table III is taken 
from “American Handbook for Electrical Engineers/’ and 
shows flux densities usually employed in transformers. 

TABLE I 

Variation of Core Loss in a 60-Cycle Transformer with 
Varying Voltage 


Per cent of rated 
voltage. 

Per cent of core 
loss at rated 
voltage. 

" *T — 

Per cent of rated 
voltage. 

Per cent of core loss at 
rated voltage. 

Per cent 

Per cent 

Per cent 

Percent 

80.8 

66.0 

104.0 

109.0 

84.0 

71.0 

105.0 

111.0 

88.0 

77.0 

110.0 

123.0 

92.0 

84.0 

115.0 

137.0 

96.0 

100.0 

92.0 

100.0 

119.0 

149.0 


TABLE II 


Lines of flux per 
square inch. 

Ampere-turns 
NpiM per inch 
length of iron core. 

Lines of flux per 
square inch. 

Ampere-turns Npljg 

per inch length of iron 

core. 

20,000 

‘ 0.710 

50,000 

1.96 

25,000 

0.840 

55,000 

2.28 

30,000 

1.02 

60,000 

2.69 

35,000 

1.21 

65,000 

3.20 

40,000 

1.42 

70,000 

3.92 

45,000 

1.66 

75,000 

4.80 


From Bull. U. 8. Bureau of Standards, Vol. 5, No. 4, Magnetisation Curves for Silicon 
Steel used in Transformers. Relation between £ max and amperes (effective value) of 
magnetising component of the exciting current. 


TABLE III 

Usual Values of Bm in Practise 


8ise of transformer. 

* 

Kind of steel. 

Lines per square inch. 

25 Cycle. 

60 Cycle. 

Small 

Ordinary transformer sheet . . . 
Silicon steel 

50.000 

70.000 

75.000 

90.000 

■TOnxSS 

BTjXuTjU 

Small..: 

Large 

Ordinary transformer sheet. . . 
Silicon steel 

Large 




From American Elec. Engrs. Handbook. Wiley A Sons, page 1619. 
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Thus we see that for small (distributing) transformers 
having high-grade (silicon) steel, a density of 60,000 lines 
per square inch is usual for 60-cycle circuits. From Table II 
we see that approximately 2.69 ampere-turns are necessary 
per inch. Now let us operate this transformer at 10 per cent 
above its rated voltage. The flux density will increase in 
proportion to the voltage (see Art. 37), and will become 
66,000 lines per square inch (1.10 X 60,000). From Table II 
we see that this will require the magnetizing ampere-turns 
(NpIm) to be increased from 2.69 to about 3.35 ampere- 
turns per inch. That is, the total magnetizing ampere- 

turns must be increased in the ratio • As the 

number of turns is fixed, this means that the magnetizing 
current Im must be increased by 25 per cent over its value 
at rated voltage. 

For example, let us take a distributing transformer which 
is rated 15 kv-a., 2400 to 240 or 120 volts. By test the core 
loss is 108 watts, and the copper loss calculated from full- 
load current and measured resistance of coils is 224 watts. 
This transformer takes an exciting current of 0.175 ampere 
from 2400- volt mains. Let us assume that it has such steel 
and operates normally at such part of its magnetization curve 
that the data of Tables I, II and III will apply. Then the 
. , r . 108 watts core loss 

core-loss current Ih is 2400 volts applied ° r ampere. 

Im is Vo.175* - 0.045 2 or 0.169 ampere. Assuming that 
the transformer conforms to Tables I, II and III, when 
operated at normal voltage, $e find that operation at 10 per 
cent overvoltage (or at 2640 volts high-tension) increases 
In to (1.12 X 0.045) or 0.0505 ampere and Im to (1.25 X 0.169) 
or 0.2106 ampere. The new value of exciting current is 
therefore Ie = V0.0505 2 + 0.2106 2 or 0.2107 ampere. The 


0.0505 

0.2107 


power-factor of the zero-load current is now 

0 045 

cent. At normal voltage it was ■ g or 25.7 per cent, 

0.175 


or 24 per 
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The exciting current is usually so small that ordinary 
variations of voltage such as are due to line drop would not 
cause it to become an important factor in the operation of 
the transformer. But if the coils of a transformer, or the 
phases of a group of transformers, are incorrectly connected, 
the transformer may be compelled to operate with a maximum 
flux density as much as two times normal, which would 
enormously increase both the core losses and the exciting 
current. In fact, the transformer might burn itself out while 
unloaded (with the secondary circuit open). This condition 
would so soon become apparent, however, by the destruc- 
tion of the transformer, if not otherwise, that it need not 
be considered as an operating condition. For usual varia- 
tions of voltage, the effect upon cost of operation and load 
capacity of the transformer arc more important than upon 
the exciting current. 

When operating this transformer at 10 per cent overvolt- 
age, the core loss will be increased about 23 per cent accord- 
ing to Table I, or to 123 per cent of the core loss at normal 
voltage. The test core loss was 108 watts. Core loss at 
10 per cent overvoltage would equal 1.23 X 108 = 133 watts. 
Now the total losses in continuous operation cannot be 
allowed to exceed the total losses (core loss plus copper loss) 
at rated full-load, without injuring the transformer or short- 
ening its life. Copper loss and core loss at full load, normal 
voltage are stated as 224 108 = 332 watts. Therefore the 

copper losses must be reduced to 332 — 133 == 199 watts at 10 
per cent overvoltage. This rpquires that t he currents in 

Vl99 

both primary and secondary be reduced to or 0.942 of 

the values which they have, respectively, at rated load and 
rated voltage. The current output from secondary to load 
would have to be reduced to something less than 94 per cent, 
on account of the slight relative increase of primary current 
due to the larger exciting current at overvoltage. But if the 
current output of the transformer is 0.94 times normal and 
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the voltage is 1.10 times normal, the total kv-ai output is 
1.034 times normal. That is, we can deliver 3.4 per cent 
more power than the transformer is rated for (at the same 
power-factor) by raising the voltage 10 per cent, without 
injuring the transformer. However, the trick will not bear 
repetition; for if we were to raise the voltage 20 per cent or 
30 per cent above normal, we should find that the current 
output must be decreased by a greater percentage than the 
voltage is increased, and the power capacity of the trans- 
former at large overvoltages would be less than its rated 
kv-a. 


Now consider the increased cost of operating the trans- 
former above rated voltage. We may look at the matter 
from several view-points, as indicated in the following prob- 
lems. Perhaps it is simplest to consider the difference in 
core losses only. When we operate at normal voltage, the 
core loss is 108 watts, and when we operate at 110 per cent 
of normal voltage it is 133 watts, an increase of 25 watts. 
This loss continues as long as the transformer is connected to 
the mains, and in readiness to serve, which is usually 24 hours 
per day for a distributing transformer. The overvoltage 
therefore increases the daily energy loss by 24 X 25 or 600 


watt-hours, which in one year amounts to 


600 X 365 
1000 


= 219 


kw-hr. If energy costs 2 cents per kw-hr. delivered at 
the transformer, this represents an extra operating cost of 
0.02 X 219 or $4.38 per year for this one 15 kv-a. trans- 
former. This additional operating expense may or may not 
be justified by a greater power capacity of the transformer 
due to the overvoltage, depending upon how , nearly satu- 
rated the core is when operating at rated voltage, and upon 
the grade of iron used. Competition in transformer manu- 
facture is so keen, and the materials are operated normally 
so close to the economical limits of densities, that it does 
not pay to operate at more than a few per cent over- 
voltage. 
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^ Prob. 26-3. The 15 kv-a. transformer referred to in the text 
above delivers a varying load equivalent to 5 hours full load and 
19 hours zero load. Assuyning that “full load 1 ’ means the same 
current output as at rated load and voltage, calculate: 

(а) Kilovolt-ampere output at 10 per cent overvoltage. 

(б) Core and copper losses in watts at 10 per cent overvoltage, 
“full-load.” 

(c) Total energy lost in 24 hours in kilowatt-hours. 

(d) Excess of this energy lost at overvoltage, over energy lost at 

normal voltage. * 

(e) Annual cost of this excess loss, at 2 cents' per kw-hr. 

Prob. 27-3. Repeat solution of Prob. 26 on the assumption 

that “full load” means the same total kilovoltampere output as 
rated on nameplate of the transformer (15 kv-a.). 

Prob. 28-3. Repeat solution of Prob. 26, on the assumption 
that “full load” means the load that gives same total watts loss 
as at rated load and voltage (332 watts). 

Prob. 29-3. Calculate the commercial efficiency and the all- 
day efficiency of the transformer operated as in Prob. 26. 

Prob. 30-3. Calculate the commercial efficiency and the all- 
day efficiency of the transformer operated in Prob. 27. 

Prob. 31-3. Calculate the commercial efficiency and the all- 
day efficiency of the transformer operated in Prob. 28. 

Prob. 32-3. A distributing transformer rated 15 kv-a. when 
operated at rated voltage has a maximum flux density of 60,000 
lines per square inch in its silicon-steel core, which has the character- 
istics indicated in Tables I and II. If it be operated at a pressure 
10 per cent lower than its*rated voltage, calculate: 

(a) Percentage decrease in magnetizing current. 

(b) Percentage decrease in core losses. 

(c) Percentage decrease in core-loss current. 

Prob. 33-3. At rated full-load the transformer of Prob. 32 
has an efficiency of 98.0 per cent and its copper loss and core loss 
are in the ratio 3/2. The exciting current is 5 per cent of rated 
load current. Calculate: 

(a) Normal core-loss current. 

(5) Normal magnetizing current. 

(c) Exciting current at 10 per cent below rated voltage. 

Prob. 34-3. (a) By what percentage may the current output 

of the transformer in Prob. 32 and 33 be increased when operating 
at 10 per cent below rated voltage, without exceeding the total loss 
and temperature rise corresponding to rated load and voltage? 
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(b) What- would be the largest allowable kilovolt-ampere output 
of this transformer at 10 per cent below rated voltage? 

Prob. 35-3. (a) If transformers like that specified in Prob. 32 

and 33 cost approximately $3.60 per kv-a. of capacity, by how many 
dollars must the investment be increased or decreased in Qrder to 
furnish exactly the same kilovolt-ampere capacity when operating 
the transformers 10 per cent below rated voltage as when operating 
exactly at rated voltage? 

( b ) What is the total yearly cost of this difference of investment, 
allowing G per cent interest, 5 per cent depreciation, and 2 per cent 
taxes and insurance? 

Prob. 35-3. The transformer of Prob. 32 and 33 operates 
5 hours at “full load” and 19 hours at zero load every day, on the 
average, (a) By how many dollars are the total annual energy losses 
at 10 per cent below rated voltage greater or less than the total annual 
losses at rated voltage, energy being worth 2 cents per kw-hr. 
(5) By how many dollars arc; the total annual energy sales handled 
through this transformer, increased or diminished by the change of 
voltage? “Full load” is the load which gives same total watts loss 
as rated load (15 kv-a.) at rated voltage. From the results of Prob. 
35 and 36 together, discuss the total economic gain or loss due to 
operating transformers at less than rated voltage. 

41. Leakage Reactance of Transformer. Voltage Regu- 
lation. It has been shown that the direction of e.m.f. 
induced in the secondary coils is such that the currents 
in the secondary circuit produced by this e.m.f. oppose the 
magnetizing force of the primary coils. This counter mag- 
neto-motive force in the magnetic circuit due to the secondary 
ampere-turns NJ a cannot reduce appreciably the total 
quantity of flux threading the primary coils, because enough 
more current will automatically flow in the primary to gen- 
erate sufficient flux and counter e.m.f. to nearly- equal the 
line voltage. But the magnetic opposition of N a I a ampere- 
turns results in forcing some of the primary flux out of the 
core, so that it completes its circuit without linking with the 
secondary turns. Similarly, as soon as the load current 
flows, the secondary coil will form some local flux-lines 
around itself, which do not link with the primary. Thus, 
Fig. 93 is the same as Fig. 81, except that it represents con- 
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ditions when current flows in the secondary. The exciting 
current maintains the mutual flux mm linking with both 
coils, whether there is a load current or not. But when the 
load currents I, and I' P flow, a local flux (l p ) linking with 
the primary turns and a local flux (/,) linking with the sec- 
ondary turns are formed. These are called 11 leakage fluxes ” 
because they have leaked 
away from the core into 
the air, apart from one 
another. If they had re- 
mained in the core through 
all turns of both coils, they 
would have? been a part of 
the mutual flux (m) . 

The primary leakage flux 
(Z„, Fig. 93) is in phase 
with and proportional to 
the primary current Ip 
which produces it. The 
secondary leakage flux l a is 
in phase with and propor- 
tional to the secondary 
current Is which produces 
it. The flux l p induces in 
the primary coil an e.m.f. 

XpI Pf lagging 90° behind 
l p and the primary current 
I p. The flux l 9 induces in 
the secondary coil an e.m.f. 

X 3 I S lagging 90° behind l 9 and the secondary current Is- 
These induced e.m.f. ’s due to the reactance representing the 
leakage flux (called the “leakage reactance”), together with 
the voltage drops I P R P and IsRs due to resistance in the 
primary and secondary coils, cause the performance of the 
actual transformer to be somewhat different from that of the 
ideal transformer whose vector diagram was shown in Fig. 89. 



Fig. 93. When the transformer of Fig. 
81 is loaded, a “leakage flux” U and 
l P exists which does not thread the 
two coils but leaks into the air spaces. 
The mutual flux m, however, still 
threads the two coils. 
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Thus, in the actual transformer having resistance and 
(leakage) reactance ^ssociat$d with each coil, the ratio be- 
tween terminal e.m.f. of primary and secondary is not ex- 
actly equal to the ratio of turns. The induced counter e.m.f. 
Ep must change as the load (Is and Ip) increases,*^ ac- 
count of voltage drops (IpRp and IpXp due to resistance 
and reactance of the primary. The induced e.m.f. in the 
secondary E'& is always equal to the product of induced e.m.f. 

in the primary, times, the ratio of turns ^2% = Ep X • 

But the terminal e.m.f. Es of the secondary must differ from 
E's on account of the voltage drops (Rsla and Xsls) in the 
secondary coils. Therefore, the total change of secondary 
terminal e.m.f. Es, due to increase of load Is, depends very 
much upon the e.m.f. reactions caused by the leakage fluxes, or 
upon the leakage reactance of the transformer. This change 
in terminal voltage, due to change in load, is called “voltage 
regulation.” 

The inherent voltage regulation of the transformer will be 
improved by any method of design or construction which 
reduces the leakage reactance or tends to hold all flux in 
the iron core and to prevent local fluxes from forming around 
individual coils or turns. The best and usual method for 
accomplishing this improvement is to avoid bunching all of 
either the primary or the secondary turns in a single coil, 
as has been done in Fig. 93. Thus, the primary turns may 
be divided into five similar coils which are interleaved with 
five or more coils among which the secondary turns are 
divided, as shown diagrammatically in Fig. 94. This ar- 
rangement is mtxch superior to that of Fig. 93/ there being 
very little chance for flux to pass through one primary coil 
without linking also with the closely adjacent secondary 
coils. Even if some flux does leak away from the iron core, 
it must have interlinked at least a part of the* secondary 
with a part of the primary. In other words, it is a part of 
the mutual flux and does not contribute to the yoltage drop 
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or difference between primary ami secondary voltages, and 
therefore it cannot be counted in the leakage reactance. 
Fig. 95 is a photograph of a group of primary and secondary 



Fkj. 94. The leakage flux is red not'd by interleaving the primary 
coils ATS and the secondary coils XY. 

coils thus interleaved and assembled, all ready to have the 
laminated core built up around them. These coils are for 
a 500-kv-a. 66, 000-volt transformer. 



Fir.. 95. A photograph of a group of primary and secondary coils 
interleaved as in the diagram of- Fig. 94. The General Electric Co. 

42. Practical Vector Diagram of the Transformer. The 

following facts have been developed in the foregoing articles, 
and the practical vector diagram must represent them all, 
as showm in Fig. 96 and 97 : 
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(a) The primary coil carries an exciting current (I e) which 
is approximately the same at any load as it is at zero load (or 
with secondary circuit open). This current is usually small 



Fia. 96. Practical vector diagram for 
the transformer. 

Eg — secondary induced voltage. 
Is = load-current in secondary. 
E' s a = resistance reaction in sec- 
ondary. 

aEs — reactance reaction in sec- 
ondary. 

Es — secondary terminal voltage. 

— Es © Esa CD aEs. 

Ep = voltage induced in primary. 
I'p — load component of primary 
Ns 

current = -=rr- X Is. 

Np 

Ik — exciting current. 

— 1 

Ip = total current in primary. 

= Ip CD Ir. 

E/1) = resistance reaction in primary 
= Rplp. 

b ( — Ep ) = reactance reaction in primary 

= XpIp. 

( — Ep ) = result of combined primary 
induced voltage, primary 
resistance reaction, and pri- 
mary reactance reaction. 

= Ep 0 E’/I) 0 b ( — Ep). 

Ep — voltage which must be im- 
pressed upon primary to 
overcome the opposing 
action of — Ep . 


* 

as compared with full-load current (from 1 to 10 per cent), 
and it lags nearly 90° behind the e.m.f. E p impressed on the 
primary. This current produces or maintains the mutual flux. 

(6) The mutual flux (m in Fig. 81 and 93, and <f> in the 
vector diagram), which passes through both primary and 
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secondary coils, induces the acting 
e.m.f. E' a in the secondary and the 
reacting counter e.m.f. E f p in the 
primary. These e.m.f.’s are in 
exactly the same ratio as the turns. 
That is, E's/Ep = N a /N p . 

(c) When the secondary circuit 
is closed, E'a produces a current 
I s , and the magnetic action of this 
causes a load current I' P to flow, 
in (vector) addition to the exciting 
current Ie , in the primary. The 

load current in pri- 

£>«j. inary I v is opposite 

in phase to the sec- 
ondary load current I ay and I' p /I « 
= A I a /N v . 

( d ) The total current I v taken 
by the primary side from the line 
is the vector sum of Ie and I',. 

(c) The terminal e.m.f. of the 
secondary coils OE a in Fig. 96 and 
97 is obtained by adding vectorially 


Fig. 97. A simplified prac- the resistance reaction E a a and 


tioal vector diagram for the 
transformer, corresponding 
to Fig. 96. In this figure 
the voltages required to 


the reactance e.m.f. aE ay due to 
leakage flux around the secondary 
coils, to the total e.m.f. OE a which 


overcome the various pri- is induced in the secondary. The 


mary reactions are shown 
rather than the reactions 
themselves. Thus b'E P 
represents the voltage re- 
quired to overcome the pri- 
mary reactance, and— Ejb' y 


resistance reaction E a a is numeri- 
cally equal to R a I a and is opposite 
to I a in phase. The leakage react- 
ance e.m.f. aE a is numerically equal 
to X a I a and lags 90° behind 


the voltage to overcome the (J) The terminal e.m.f. of the 
primary resistance, etc. primary, OE p in Fig. 96 and 97, is 


the e.m.f. which must be impressed upon it in order to 
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produce E a volts at the terminals of the secondary, which 
is delivering I a amperes to a load. E p must be equal and 
opposite to the (vector) sum of the induced counter e.m.f. 
E p and the reacting e.m.f. ’s due to the resistance and the 
leakage flux in the primary coils. In Fig. 90 we have added 
(vectorially) the resistance reaction E' v h and the e.m.f. 
b( — E p ) induced by primary leakage flux, to the primary 
induced counter e.m.f. 0E' P , to get the total e.m.f. 0( — E p ) 
which the line e.m.f. must overcome or balance. The line 
e.m.f. OEj, must be* equal and opposite to this total reacting 
e.m.f. ()( — E p ). The resistance reaction E p b in the primary 
is equal in value*, to E P f P and opposite in phase to 1 P . The 
e.m.f. b( — E P ) induced by the primary leakage flux is equal 
in value to X V I P and lags 90° behind J p . 

Fig. 97 is exactly the same as Fig. 90, but simplified. Ijs 
and I', have been left out, showing only the total currents 
in primary and secondary. The construction for deriving 
OE s from OE\ is exactly the* same as in Fig. 90. The vector 
0(—E P ) represents the component of primary impressed 
e.m.f. that is required to overcome the induced counter e.m.f. 
OE p . To it are added the component of impressed e.m.f. 
— E p b' required to overcome the resistance reaction and 
the component of impressed e.m.f. b'E n required to over- 
come the e.m.f. induced by primary leakage flux. These 
latter two components are exact counterparts or opposites 
of the corresponding reactions shown in Fig. 9fl. This 
student may take his choice between Fig. 90 and 97 on the 
basis of simplicity and clearness. 

The power-factor of the load is cos /3 and the power-factor 
of the whole transformer (or of the primary current I p ) is 
cos a. 

43. Voltage Regulation Depends on Power-Factor. 

When the load is non-inductive, or when the current I a de- 
livered by the secondary is nearly in phase with the second- 
ary terminal e.m.f. E s , the variations of E s due to changes 
of /« are principally due to the resistances of the coils and 
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not so much to the leakage reactances. But when the load 
Edi* ^r-XpIp current I 9 leads or lags nearly 90° with 
respect to E 9 (or, when the load power- 
factor is low) the variations s>i E 9 due to 
changes of /« are principally caused by 
leakage reactance, and not so much by 
coil resistance. 

The reasons for . these statements are 
shown in Fig. 98, 99 and 100. In Fig. 98 
the load has 100 per cent power-factor 
(angle (3 * 0), and we see that resistance 
drops R 9 I 9 and Rpl p in the secondary and 
primary are thus brought into almost direct 
line with the vectors of inducede.m X, while 
the reactance drops X 9 I 9 
and Xplp are almost per- 
pendicular to the induced 
e.m.f/s. On account of 
this, the difference between E p and E p 
and between E 9 and E„ or the variation 
of E 9 due to load (while E p is maintained 
constant) is caused almost entirely by the 
resistance reactions R 9 I 9 and Rpl p . 

The diagram for lagging load of low 
power-factor is shown in Fig. 99. The 
power-factor of the output of the trans- 
former is cos 0, and of the input is cos a . 
Fia. 98. The differ- We see that in this case the reactance 
ence between Es drops X 9 I 9 and XjJ p are almost directly 
and f EpXj^S, i.e., in line with the induced and terminal 
the \egulatfon, is voltages, while the resistance drops RJ m 
due mostly to the and RjJ P are almost perpendicular thereto. 

resistance drop Ega Consequently the variation of E 9 due to 
because the power- . . t . . . „ , , 

factor of the load is change of I 9 is pnncipally caused by 

unity. leakage reactance. 

The diagram for leading load of low power-factor is shown 
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in Fig. 100. The same remarks apply here as to the diagram 
for lagging load. Notice in this case, however, that the leak- 
age reactances tend to make E' P , larger than E P and E m 
larger than J&* H . That is, if we keep the line voltage E p 



tion, is due mostly to the reactance drops Xsls and XpI Pt because 
the power-factor of the load is nearly zero. 


constant, as usual, the secondary terminal voltage E a tends 
to rise as the leading load /, increases, on account of leakage 
reactance. 

44. Importance of Regulation of the Transformer. At 

this point we must distinguish between * ‘constant-potential 
transformers'' and “constant-current transformers." A 
constant-potential transformer is one whose primary takes 
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power from constant-voltage mains and whose secondary 
delivers»power at as nearly constant voltage as is practicable. 
A constant-current transformer is one whose primary takes 
power from constant-voltage mains, and whose secondary 



Fig. 100. The secondary terminal voltage Es may actually be greater 
than the secondary induced e.m.f. Es if the load has a leading power- 
factor. 

delivers power at as nearly constant current as possible, the 
terminal e.m.f. of the secondary being automatically main- 
tained at a value which is as nearly as possible proportional 
to the impedance of the load circuit. By far the larger 
number of transformers are of the constant-potential type, 
including station or power transformers and distributing 
transformers. 
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The official definition of “regulation” for constant-voltage 
transformers is given in Art. 284, Standardization *Rules of 
A.I.E.E., Dec. 1914. 

“In constant-potential transformers the regulation is the 
difference between the no-load and rated-load values of the 
secondary terminal, voltage at the specified power-factor 
(with constant primary impressed terminal voltage), ex- 
pressed in per cent of the rated-load secondary voltage, the 
primary voltage being adjusted to such a value that *the 
apparatus delivers rated output at rated secondary voltage. ” 

If the resistances and leakage reactances of the primary 
and secondary coils of the transformer are relatively large, 
the voltage regulation is high, or poor. That is, the trans- 
former itself contributes to the voltage 'drop or fluctuation 
of voltage due -to load currents, which is undesirable. For 
this reason it is usual for the purchaser of transformers to 
specify that their regulation shall not exceed certain values 
as maximum limits, or to select and purchase those trans- 
formers which have the lower or better regulation. Some 
purchasers have already regretted doing this, and are now 
demanding transformers with poorer regulation, particularly 
in the large sizes which are used in connection with systems 
having a large amount of generating capacity. The reason 
is simple. Good regulation is obtained by making the coil 
resistances small and by designing and arranging the coils 
so that the leakage flux and leakage reactance are small. 
In consequence, the impedance of the transformer is small. 
If the secondary becomes short-circuited a very large current 
will therefore flow. 

In fact, if the impedance is 2 per cent (that is, if the volt- 
age drop consumed by impedance with rated full-load current 
flowing is 2 per cent of rated voltage), a current equal to 50 
. . /100 per cent of rated voltage\ A , 

timeS ( 2 per cent of rated voltage ) rated fulUoad c * rrent 
will flow when the secondary is short-circuited. This pre- 
sumes that the generating plant and the transmission line 
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between generators and transformers are large enough to 
maintain full normal voltage while delivering this excessive * 
current.* A current 50 times normal produces magnetic or 
mechanical forces between the coils and internal parts of the 
transformer, which are 50 2 or 2500 times as large as those 
which exist at rated full-load. As in the case of generators 
(see Art. 17); this possibility of excessive forces requires that 
we shall either design the transformer with a very great 
factor of safety and liberality of mechanical strength, or 
design it so that the impedance of the transformer shall be 
high and the voltage regulation correspondingly poor, thus 
limiting the short-circuit current to lower values. 

Frequently a number of transformers are interconnected 
in parallel, as will be explained later. If the percentage 
impedances of the transformers, when so connected, are not 
exactly equal, the transformer with the larger percentage 
impedance (indicated by a poorer or higher regulation) will 
“shirk” or “lie down” — that is, it will not take its proper 
share of the load; and the transformer with the lower per- 
centage impedance, or better voltage regulation, is likely to 
overload itself and burn out. The moral is, that trans- 
formers should not have their secondaries tied together in 
parallel unless their percentages of impedance are nearly 
equal, or unless their voltage regulations at the same power- 
factor are nearly equal. 

Improvement of the regulation of a transformer can be 
accomplished only at the sacrifice of other characteristics, 
or by an increase in the amount of active material in the 
transformer, or by improvements in the quality of this 
material or of the workmanship. In other words, better 
regulation costs more money in one way or another. For 
instance, one way to improve regulation is to reduce the coil 
resistances. But this requires a larger cross-sectional area 
and greater weight and cost of copper. Another method is 
to reduce leakage by using a core of lower magnetic reluc- 
tance. But this requires a larger cross-sectional area of core 
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and weight and cost of iron. In view of these facts, the wis- 
dom of requiring very close voltage regulation in the trans- 
former (or in the generator or transmission line either, for 
that matter) may reasonably be questioned, particularly 
since it is possible to compensate voltage changes at the end 
of the line by an automatic “feeder voltage regulator ” (see 
Art. 63). Usual values of regulation for distributing trans- 
formers are from 1 to 2 per cent for sizes of 10 kw. and larger, 
sometimes as large as 4 per cent for smaller sizes and low 
power-factors of load. 

46. Impedance of the Transformer. Equivalent Resist- 
ance and Reactance. If we knew the exact values of the 
resistance R a and the reactance X a of the secondary coils, 
and of the resistance R p and reactance X p of the primary 
coils of any given transformer, we could by means of Fig. 98, 
99 or 100 find its voltage regulation in per cent. We would 
adjust the line voltage E p to a value which, after all the 
voltage drops were vectorially subtracted as shown, would 
produce rated volts E s at the terminals of the secondary 
while the transformer is delivering rated full-load amperes. 


I*j or rated full-load kilovolt-amperes, 


(EJ'\ 

Viooo/* 


Now, when 


the load is entirely removed by opening the secondary cir- 
cuit, the voltage drop in both primary and secondary is 
reduced to zero (if we neglect the drop in primary due to 
exciting current, which is relatively insignificant). Thus if 
the line voltage E v be maintained constant (see definition 
of regulation) the induced counter e.m.f. in the primary will 
become equal to E p at zero load, and the secondary terminal 

e.m.f. will change to a value of (e p X ^). Therefore, 

( E » x w)~ E - 

Regulation in per cent = x 10 o per cent. 

However, this method cannot be applied as indicated in 
Fig. 98, 99 and 100 and the equation above, for the reason 
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that there id no practical way to measure X p and X , sepa- 
rately. We can measure R p and R a separately by the am- 
meter-voltmeter method or the Wheatstone bridge (see 
Timbie’s “ Elements of Electricity, Chapter V). We can 
also calculate the combined effect of X p and X« from readings 
taken during a short-circuit test of transformer as in Fig. 91. 

The most practical solution of the difficulty is to use what 
are known as the equivalent reactance and the equivalent re- 
sistance of the transformer. 

Consider the resistance R» and reactance X, of the second- 
ary to be reduced to zero, and enough extra resistance R f and 
reactance X' to be added in the primary circuit to cause the 
secondary terminal e.m.f. to have the same value E a as in the 
actual transformer at full load. Then the total resistance of 
the primary ( R p + R') is known as the equivalent primary re- 
sistance, and the total reactance of the primary ( X p + X') 
is known as the equivalent primary reactance. To find the 
relation between R' and R a , and between X' and X a , let us 
consider Fig. 101, which is quite similar to Fig. 98 or 99 
having but a few additional vectors. In this demonstration, 
as in all calculations of regulation, we neglect entirely the 
exciting current and the very small reactions or drops due to 
it, considering only the currents due to load. 

In Fig. 101 we have the following values and relations shown : 

Ei — induced e.m.f. in secondary, due to mutual 
flux. 

E p = induced (counter) e.m.f. in primary, due to 
mutual flux. 

E'„ = EX 

I, = load current (or total current) in secondary. 

I p = load current (assumed to be total current) 
in primary. 

N 

I p = X I a , and I P is exactly opposite in phase 
Jy p 
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Vector Eia = R 9 I 9 , and is exactly opposite in phase to 
I 9 (parallel to /,), because it represents 
the voltage reaction due to the resist- 
ance in the secondary. 

Vector aE 9 = X 9 I 9 , and is 90° behind I 9 (perpendicular 
to /,), because it represents the voltage 
induced by the leakage flux around .the 
secondary. 

— E'Jb' = Rplpy and is exactly in phase ^ with I p (par- 
allel to Ip), because it represents the 
e.m.f. to overcome resistance reaction in 
the primary. 

b'Ep = XpI P) and is 90° ahead of I p (perpendicular 
to I P ), because it represents the e.m.f. to 
overcome reaction due to leakage induc- 
tance of the primary. 

Now if we consider R 9 and X 9 to be zero, and their identical 
effects upon E. to be produced by a resistance R' and a re- 
actance X f which are added to the primary, the voltage drop 
in the secondary becomes zero, and the induced e.m.f. in 
the secondary becomes identical with the terminal e.m.f. E m . 
But if Em is the induced e.m.f. in the secondary, the induced 
e.m.f. in the primary on this assumption now becomes E 9 , 

which is equal to [e m x in value. The vector shown as 

—E f 9 in Fig. 101 is really the component of impressed e.m.f. 
consumed in overcoming this assumed induced counter e.m.f. 
in the primary. Now, just as the difference between — E' p and 
E p is produced 'by Rpl p and Xpl p , so the difference between 
—E" and —E p is produced by R'I P and X f I v . Thus, if 
E p volts are impressed upon the terminals of the primary, 
— Ep volts remain after the reactions Rpl p due to primary 
resistance and Xpl p due to primary reactance have sub- 
tracted themselves (vectorially, of course). Then —E" 
volts remain after the reactions due to the additional resist- 
ance R r and reactance X', representing the voltage drops 
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in the secondary,* have subtracted themselves. This re- 
maining e.m.f. — E" would therefore represent the induced" 
counter e.m t f. in the primary, or rather that part of the im- 
pressed primary e.m.f. which is consumed in overcoming it. 

The induced e.m.f. in secondary would be equal to 

and this is equal to E a , as we assumed in drawing the diagram. 
Now notice that the triangle E' p OE" is exactly similar to 

triangle E a OE a , as E p ‘ = X E' a , EV — X E a , and the angle 

N a N a 

between OE p and OE" is exactly equal to the angle between OE a 
and OE a * Therefore it follows that the sides EpE, and E a E a 
bear the same ratio to each other as any other similar sides of the 
two triangles; or, 

w,’) = x (e:e.). 

Now let EpEa be resolved into two components, one (E a 'c) par- 
allel to I sip and the other (E'pc) perpendicular to I si p. It will be 
seen, and may be proved, that the triangles (E' p cE a ) and (EiaE,) 
are exactly similar, from which it follows that any similar sides 
bear the same ratio to each other. That is, 

w.’c) = X (E'a) = xt*A) 

and 

(cE'„) = X (aE.) = |x (X,/.). 

But since (E a c) is parallel to I p , and cE p is perpendicular to 
and together they represent the total drop due to R'I P (the drop 
across the extra primary resistance) and X'I P (the drop across the 
extra primary reactance), it follows that: 


and 


R'I P = IX'c - X Ral. 
w • 

X'I P = cE’ p = X X.I., 

■*V a 


* Two triangles are similar when two sides of one triangle are pro- 
portional respectively to two sides of the other and the included angles 
are equal. If two triangles are similar, their corresponding *sides are 
proportional. 
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To simplify still further, we make use of the relation I, •* Ip. 
Thus, substituting in the above equation, we get: 


X'i P ~~?xx,x~f'ip 


R'lp = *jf'XR.X~Xl P , or R’ - (&J R„ 

and 

X'lp = jf. X x ' x n’. I v ’ or x ' “ (if)’*- 
We are now prepared to state that: 

( N \ 2 

R m . 

( N \ 2 

iv^/ ‘^ l< 

Example 4. A transformer, rated 15 kv-a., with windings ar- 
ranged to step down from 2400 to 240 volts, has a primary resistance 
of 2.335 ohms and a secondary resistance of 0.02745 ohm. What 
is the equivalent primary resistance? What would be the equivalent 
secondary resistance? 

/2400V 

Equivalent primary resistance = 2.335 4- ( ■ ‘ 240 ' ) ^ 0.02745 


= 2.335 + 2.745 
= 5.080 ohms. 


Equivalent secondary resistance 


_ /240 V 
“ \2400/ 


X 2.335 + 0.02745 


= 0.02335 + 0.02745 
- 0.05080 ohm. 


The total equivalent impedance drop, reduced to terms of 
primary, is represented by the vector E p E' a f in Fig. 102, 
which is seen to be exactly the same as Fig. 101, with some 
of the construction lines omitted. The total impedance 
drop evidently is the vector sum of the total resistance drop 
[E"d, = ( R p + R')I P ], due to equivalent primary resist- 
ance and primary current, and the total reactance drop 
[dE p , — (X v + X')I P ], due to equivalent primary reactance 
and primary current. Of course the total resistance drop 
and the total reactance drop are in quadrature with each 
other, because the former is in phase with I p while the latter 
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leads I P by 90°. The total impedance drop in the primary 
is usually expressed as a percentage of the fated primary 
voltage (E p ). So also are the total resistance drop and the 
total reactance drop (reduced, to the primary as shown in 
Example 4) expressed as percentage of the rated primary 
volts E p . By this means it is much easier to compare trans- 
formers of different sizes with one another. 


Example 5. (a) What would be the per cent resistance drop of 

the transformer in Example 4? . 

(6) If this transformer has an equivalent primary impedance of 
2.0 per cent, what is the total equivalent reactance drop in per cent 
and in primary volts, and what is the equivalent primary reactance 


in ohms? * 

As the rated capacity is 15,000 volt-amperes and the primary 
voltage is 2400, the full-load current (neglecting the exciting cur- 


rent and the losses) is 


15,000 

2400 


= 6.25 amperes in the primary or high- 


tension coil. As the equivalent primary resistance is 5.08 ohms, 
the primary equivalent resistance dropjs 5.08 X 6.25 = 31.75 volts. 
This is represented by E' e 'd in Fig. 102. If the equivalent primary 
impedance is 2.0 per cent, the total impedance volts (represented 
by EpE,' in Fig. 102) is 2.0 per cent of 2400 volts, equals 48. volts. 
Therefore the equivalent primary reactance drop (dE Vt in Fig. 102) 

must be equal to V' (48) 2 —^(31.75)* = 36 volts, which is or 

1.5 per cent of the rated primary voltage. The equivalent react- 
ance, in ohms, is equal to reactance volts divided by primary cur- 
36 

rent, or = 5.76 ohms. Or, we may say that the equivalent 

primary resistance drop of 31.75 volts is 1.322 per cent of the rated 

( 31 75 \ 

= 0.01322 J, and that therefore the reactance drop 
must be equal to 


V(2.0%)» - (1.322%)*, or 1.5 per cent. 


46. Short-circuit Test for the Impedance of a Trans- 
former. Now' let us short circuit the secondary of a trans- 
former and apply enough voltage to the primary to send 
full-load current /. through the short-circuited secondary. 
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The terminal .voltage of thd secondary is reduced to zero 
(0E § = 0) and all voltage impressed upon the primary 
( OEp ) is consumed in overcoming the impedance of the trans- 
former. . This is shown in Fig. 103, where the primary im- 
pressed voltage OE p is equal to the total equivalent primary 
impedance drop, consisting of resistance drop Od and reac- 
tance drop dE p . Fig. 103 should be compared with Fig. 102 
and 101, as they all represent conditions in the same trans- 
former with same resistances and reactances and the same 
current flowing in each coil. The ratio of this transformer 
is 2 : 1. Obviously, if we divide the voltage impressed upon 
the’primary of the short-circuited transformer by the current 
which it produces in the primary, we shall get the equivalent 
primary impedance, in ohms. If E p is just sufficient to cause 

E * 

rated full-load current to flow, then — = — ii X 

rated primary voltage 

100 per cent is the per cent impedance of the transformer. 


Example 5a. The low-tenfcion side of a transformer, rated 5 kv-a., 
2400/240 volts, 60 cycles, is short-circuited through an ammeter. 
The voltage across the primary terminals has to be made 72 volts 
in order to produce rated-load current through the ammeter. The 
resistances of the primary and secondary coils are measured and 
found to be 11.53 and 0.1153 ohms respectively. Calculate the 
equivalent primary reactance in per cent, volts,' and ohms, and 
the copper loss, at full load in each coil. T 

Full-load current in the low-tension coil means full-load current 

also in the high-tension coil. This is equal to 9 

2400 volts 

or 2.08 amperes. The equivalent primary impedance is evidently 

72 * 

equal to — — = 0.03, or 3 per cent. In ohms, this equivalent 

72 

* primary impedance is — , or 34.6 ohms. The equivalent primary 

«.U9 


resistance is 11.53 + 

X 2.08 — 48 volts, or = 
Therefore we should have: 


X 0.1153 = 23.06 ohms, or 23.06 
0.02 = 2 per cent. „ 
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Equivalent primary r eactance, in per cent, 

= V (3%)* - (2%)* = 2.24 per cent. 

Equivalent primary r eactance, in v olts, 

= V(72)* - (48)* = 63.7 volts. 

Check: 2.24 per cent of 2400 volts = 63.7 volts. 

Equivalent primary r eactance, in ohms, 

= V(34.6)* - (23.06)* - 25.8 ohms. 

_ 53.7 volts ne 0 * 

Check: - — = 25.8 ohms. 

2.08 amp. 

Copper loss at full load in high-tension coil, 

= 11.53 X 2.08 2 - 49.8 watts. 

Copper loss at full load in low- tension coil, 

« 0.1153 X 20.8 2 - 49.8 watts. 

Total copper loss = 49.8 + 49.8 = 99.6 watts. 

Check: 2 per cent of 5000 watts = 100 watts. 

At this point we may notice the great convenience of 
working with percentage values of impedance, resistance, and 
reactance of the transformer. If these be expressed in ohms, 
it becomes necessary for us to state whether they refer to 
the high-tension or the low-tension coil; but if they be ex- 
pressed in percentage, the same value refers to either high- 
tension or low-tension coil. 

Example 6. A 15 kv-a. 2400/120 volt transformer has a resist- 
ance of 2.963 ohms in the high-tension winding and 0.00685 ohm 
in the low-tension winding. Calculate the equivalent resistance 
in terms of both primary and secondary, in ohms and in per cent. 
t Hated-load current in high-tension coil (neglecting exciting cur- 
1 5 000 

rent and losses) is ' ^qq - ~ ^-25 amperes, and in low-tension coil 

. , . 15,000 / or 2400\ 

11 lS “l2(T = V 6 ' 25 X 120/ 125 am P eres * 

Equivalent resistance, in terms of high-tension coil, 

/2400\ 2 

- 2.963 + 0.00685 X 
= 5.703 ohms. 

Equivalent resistance, in terms of low-tension coil, 

( 120 \ a 
2400/ 

* 0.01426 ohm. 
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Total resistance drop, in terms of high-tension coil, 

= 5.703 X 6.25 
= 35.6 volts. 

This is ( 24^0 X. 100 per centy or 1.485 per cent of the high-tension 
voltage. 

Total resistance drop in terms of low-tension coil = 0.01426 X 125 

« 1.782 volts. 

( 1 782 \ 

X 100 per cent y or 1.485 per cent of the low-tension 

voltage. 

Prob. 37-3. A transformer, rated 350 kv-a., 60 cycles, 11,000/ 
2300 volts, has an impedance of 1.67 per cent and total I 2 R loss of 
1792 watts with fall-load current flowing. Calculate the equiva- 
lent impedance in ohms, as referred to (a) high-tension coil, (5) low- 
tension coil. 

Prob- 38-3. Calculate the total equivalent resistance in ohms 
and in per cent for the transformer specified in Prob. 37. 

Prob. 39-3. Calculate the equivalent reactance of the trans- 
former specified in Prob. 37. (a) In ohms referred to high-tension 

coil. ( 6 ) In ohms referred to low-tension coil, (c) In per cent. 

Prob. 40-3. Calculate what current would flow if the trans- 
former of Prob. 37 were to be short-circuited while connected to a 
generating plant and transmission line of capacity sufficient to hold 
the voltage up to 80 per cent of normal, (a) In per cent of rated 
current of the transformer. ( 6 ) In amperes on low-tension side. 

Prob. 41-3. Calculate the rate of heating the copper in the 
transformer of Prob. 40 (a) in watts, (5) in per cent of the rate of 
heating at rated full-load. 

Prob. 42-3. A transformer, rated 350 kv-a., 60 cycles, 34,650/ 
430 volts, is equipped with internal magnetic shunts to increase its 
leakage reactance for protection against injury on short-circuits. 
The impedances is thereby increased to 18.2 per cent. The total 
copper (I 2 R) loss with full-load current flowing in both coils is 1885 
watts. Make same calculations as required in Prob. 37. 

Prob. 43-3. Make same calculations for transformer of Prob. 42 
as required in Prob. 38. 

Prob. 44-3. Make same calculations for transformer of Prob. 42 
as required in Prob. 39. 

Prob. 45-3. Make same calculations for transformer of Prob. 42 
as required in Prob. 40. 

Prob. 48-3. Make same calculations for transformer of Prob. 42 
as required in Prob. 41. 
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47. Calculation of Regulation • for Constant-voltage 
Transformer. Having now a method for measuring the 
total equivalent impedance and reactance of a transformer, 
upon which the voltage regulation, or the, constancy . of 
voltage depends, we may proceed to, calculate the percentage 
regulation. The .. following statements and formulae are 
copied from the Standardization Rules of the A.I.E.E., as- 
printed in Proceedings for August, 1914: 

“ To compute the regulation for a constant-potential transformer, 
it is necessaiy to obtain the equivalent resistance R and impedance 
drop E m . The equivalent resistance R of primary and secondary 
combined is found by multiplying the secondary resistance by the 
square of the ratio of turns and adding it to the primary resistance. 
The impedance voltage E„ is found by short-circuiting the second- 
ary winding and measuring the volts necessary to send rated-load 
current through the primary.” 

The reactance drop is then 

IX - 0e -(f)’, 

where P is the “ impedance watts” as measured in the short- 
circuit test. 

Now, let 

E = rated primary voltage. 

IR — resistance drop in volts. 

IX = reactance drop in volts. 

I = rated full-load current in primary coil. 

R = equivalent resistance reduced to primary. 

IR 

q r = 100 -g- = per cent resistance drop. 

IX 

q* — 100 -gr = per cent reactance drop. 

m «- power-factor of load = cos 0. 

n =» reactive factor of load = Vl — m % * sin 
Then the regulation is given by the following equation: 

Per cent regulation = mq r nq 9 + “T 1 



TRANSFORMERS. EFFICIENCY AND REGULATION 187 


For a load of unity power-factor, m *» 1.0 and n = 0.0, and 
this reduces to: 

Per cent regulation = q r 4- ggjj* 

Example 7. Test of a 1000 kv-a. 110,000/22,000 volt 60-cycle 
transformer gave the following data: 

Impedance watts =» 7330. 

Impedance volts = 5.00 per cent (of rated voltage). 

Calculate the per cent voltage regulation of this transformer, (a) on 
non-inductive load, (b) on lagging load of 80 per cent power-factor. 
Resistance of high-tension winding is 43.34 ohms, and of low-tension 
winding 1.7337 ohms. 

According to the Standardization Rules the rated primary volt- 
age of a constant-potential transformer is equal to the rated second- 
ary voltage multiplied by the “ turn ratio.” Therefore the ratio 
of high-tension turns to low-tension turns in this transformer is 
110,000/22,000, or 5/1, and at zero load (only) this is also the ratio 
of terminal voltages. 

The equivalent resistance referred to high-tension coil is 
43.34 + 1.7337, or 86.68 ohms. 


The high-tension current at rated full-load (neglecting exciting 
current) is 


1,000,0 0 0 volt-amper es 
110,000 volts 


or 9.091 amperes. 


The total equivalent resistance drop at full load is 

788 

9.091 X 86.68 = 788 volts, or — = 0.00716, or 0.716%. 


The impedance volts (at full-load current) are 

5% of 110,000 volts, or 5500 volts. 

Therefore 

IX = reactance volts = y/ (5500) 2 — Q— = 5441 volts. 


Then 

q» » reactance drop in per cent = 


5441 

110,000 


X 100% - 4.945%. 
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* "*i 

This value may be checked by the telatiou* 

% reactance drop — V (%imped&noe drop)‘ — (% resiataaoe drop)* 
- V (5.00)* - (0.716)* - 4.948%. 

Substituting these values for tl&elr corresponding symbols in the 
equations for regulation, we have (remembering that n -* 0.6 
when m ** 0.8) 

Per cent regulation for 80 per cent power factor 

- (0.8 X 0.716) + (0.6 X 4.945) 4- x0 - 71 g)? 

- 0.5728 + 2.967 + 0.0622 
“ 3.602 per cent. 

Notice hqre that no serious error would result from neglecting the 
last term of the equation. In such case the regulation would appear 
to be 3.54 per cent. 

Further, we have 

(4 945) 2 

Per cent regulation for unity power-factor = 0.716 4- — 

- 0.716 + 0.122 
» 0.838 per cent. 


Here the second term is not negligible, because, although it is 
small, the first term is also small. 

Notice that at or near unity power-factor, the regulation is 
nearly equal to the resistance drop in per cent, while at lower 
power-factors the regulation becomes more nearly equal to the 
reactance drop in per cent. This is in accord with our previous 
conclusions on basis of Big. 98, 99, 100. 

Let us now check this A.I.E.E. formula for regulation, against 
the vector diagram. Fig. 104 is practically the same as Fig. 102, 
a few unnecessary vectors having been omitted. In Fig. 104, all 
the vectors, except /, represent voltages, as follows: 


08 


T 

Sc 

Sa 

cE p 


secondary terminal voltage reduced to terms of primary 
22,000 T. 


^ N 9 110,000 

ratio of turns -rf « ** 6.0. 

Nm 22,000 

IB - 9.091 X 86.68 ~ 788 volts. 
IR cos a = 788 X 0.80 * 630 volts. 
IX - 6441 volts. 
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Prob. 47-3. Prove that the per cent IR drop in a transformer 
is equal to the per cent of PR loss at rated full-load non-inductive. 

Prob. 48-3. Using the data of Example 7, and assuming that 
IR — 788 and IX = 5441 in terms of primary, calculate what ratio 
of turns (T) must be used to give 22,000 volts at terminals of sec- 
ondary, full-load 80 per cent power-factor, lagging, when 110,000 
volts are impressed upon the primaiy. 

Prob. 49-3. If the line voltage be maintained at 110,000 volts, 
as in Prob. 48, calculate: 

(a) Secondary terminal voltage at zero load. 

(b) Voltage regulation in per cent. Compare this value of 
regulation with that obtained by the A.I.E.E. formula. 

Prob. 60=-3. Assuming the value of the ratio of the number of 
turns (T) as calculated in Prob. 48-3, recalculate the values of 

(a) Equivalent IR. 

(b) Equivalent IX. 

Compare these values with those of Example 7. 

Prob. 61-3. Using the values of Prob. 50, repeat the calcula- 
tion based on Fig. 104. That is, OS = T X 22,000, and IR and 
IX as in Prob. 50. Calculate therefrom: 

(а) The primary terminal e.m.f. (OE p ) that must be impressed. 

(б) The per cent voltage regulation if this e.m.f. is maintained 
constant while load is removed. Compare this regulation with' 
that obtained, by the A.I.E.E. formula. ] 
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TRANSFORMERS change high voltage to low voltage and 
vice versa. They consist of stationary coils linked together by 
a stationary core, and are the simplest, most rugged, most 
efficient, and least expensive in first cost and maintenance of 
any electrical machine. 

THE CAPACITY of a transformer is the load that it will carry 
without developing an injuriously high temperature at any spot 
in the apparatus. 

TRANSFORMERS ARE COOLED by one of the following 
means: 

(1) The case is filled with oil which carries the heat from 
the coils to the case which dissipates it into the surrounding 
air. The cooling surface may be increased by means of aux- 
iliary pipes. 

(2) By circulating water through pipes installed in the oil- 
filled cases. 

(3) By forced circulation of the oil. 

(4) By forcing air through the coils by means of a blower. 

THE RATIO OF A TRANSFORMER is the ratio of the 

number of turns in the high-voltage coils to the number of 
turns in the low-voltage coils. 

THE INDUCED E.M.F. IN THE COILS HAS A PHASE 
DIFFERENCE of 180° to the impressed e.m.f., if the impressed 
e.m.f. has a sine wave-form. The induced e.m.f. lags 90° be- 
hind the magnetizing current which the impressed e.m.f. forces 
through the primary coil. The impressed e.m.f. therefore leads 
the magnetizing current by 90°. 

WHEN NO CURRENT IS BEING TAKEN FROM THE 
SECONDARY coil, the counter e.m.f. which is induced in the 
primary prevents the impressed e.m.f. from sending more than 
the exciting current through the primary coils. 

WHEN A CURRENT IS TAKEN FROM THE SECOND- 
ARY of a transformer, this current sets up a counter magneto- 
motive force in the core, which decreases the flux and the value 
of counter e.m.f. induced in the primary. The impressed e.m.f. 
can thus send enough more current through the primary to 
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balance this counter due to load current In the secondary 

coil. The ratio of the current in the primary to the current in 
the secondary at full load is approximately the inverse ratio of 
the number of turns in the primary and secondary coils. 

THE EXCITING CURRENT (2**) OF A TRANSFORMER 
is the vector sum of the magnetizing current (Z M ) and the core- 
loss current (Xe) which is taken to supply the hysteresis and 
eddjr-current losses in the core. These two currents are in 
quadrature, since Im is reactive and Zjy supplies real power to 
the transformer. 

Therefore 

Ijb — ^XSr 4- 2jr- 


The power-factor of power taken by an unloaded transformer 
is usually found as follows: 


Power-factor 


= Zg _ Xg 

y/J% + is 

= 10% to 60% (usually). 


THE EXCITING CURRENT has not a sine wave-form when 
the maximum value of the flux density lies beyond the “ knee ” 
of the magnetization curve for the core. This is in spite of 
the fact that the impressed e.m.f . usually has a sine wave-form. 

THE MAXIMUM VALUE OF FLUX DENSITY should 
not be carried much beyond the “ knee ” of the magnetization 
curve as all the losses are increased and greater heating re- 
sults. The value of can be found from the following 
equation : 

^ io a m io 8 ^ 

m 4.44 Afjr p 4.44 AfN a * 

This equation shows how is affected by any change in the 
voltage, area of core, frequency, and number of turns in the 
coils. 

THE LOSSES IN A TRANSFORMER consist of core losses 
and copper losses. 

Core losses are nearly constant for all loads and ate com- 
posed of two separate losses. 

(First). HYSTERESIS LOSS, the equation for which is 

JP* = WKjrfB 1 *. 

The hysteresis loss for transformers using annealed silicon 
steel varies from 0.64 to 0.82 watt per pound of steel, for a 
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frequency of 60 cycles and a maximum flux density of 64,600 
lines per square inch. 

(Second). BDDY-CURREHT LOSS, the equation for which is 
JPjBT - WK */*&*&. 

The eddy-current loss for ordinary transformer silicon steel 
having thickness of 0.014 inch is 0.12 to 0.18 watt per pound of 
'core, at 60 cycles, and 64,600 lines per square inch for B m . 

THE COPPER LOSS in a transformer consists of the I* M 
in the primary and in the secondary winding and is usually 
about equally divided between the two. 

The cheaper the transformer, the greater the losses and the 
lower the efficiency. If the yearly cost of supplying the power 
for the greater losses in any particular case is less than the 
yearly interest on the extra cost of a more efficient transformer, 
the cheaper type should be purchased, and vice versa. 

STATION TRANSFORMERS of from 100 to 10,000 kv-a. 
step up the pressure generated, usually at about 6600 or 11,000 
volts, to a much higher pressure (as high as 160,000 volts) for 
economical transmission. Transformers of the same type and 
size are often used to step down the line pressure to about 
2300 volts for distribution throughout a town or community. 

DISTRIBUTING TRANSFORMERS, usually below 60 kilo- 
volt-amperes in size, are used to step down the 2300 volts 
of the distributing lines to the pressure of the consumers’ 
apparatus, usually 110, 220, or 440 volts. 

THE EFFECT OF OPERATING TRANSFORMERS AT 
OVERVOLTAGE is to increase greatly the core and copper 
losses. By a slight increase in voltage the capacity of the 
transformer may be raised, but the losses increase so much 
faster than the rate of increase of the voltage that it rarely pays 
to operate at more than a small percentage overvoltage. 

OPERATION AT UNDER VOLTAGE means increased an- 
nual charges per kilovolt-ampere transformed. 

LEAKAGE REACTANCE is the reactance which is In great- 
est evidence when a transformer is loaded and is due to mag- 
netic flux lines which do not link both primary and secondary 
coils. Leakage reactance in the primary circuit requires part 
of the voltage impressed on the primaries to be used to overcome 
it. Thus the voltage induced in the primary coils is less than 
the impressed voltage. Leakage reactance in the secondary 
circuit requires part of the voltage induced in the secondary, 
coils to overcome it. Thus the terminal voltage across the 
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secondary coils is less than the induced voltage of the sec- 
ondary coils. The voltage drop necessary to overcome this 
leakage reactance is always 90° ahead of the current which 
sets up the leakage lines. In a practical transformer the lit 
drops in phase with the currents, combined with the reactance 
drops leading the currents by 90°, cause the ratio of the pri- 
mary and secondary voltages to differ slightly from the ratio of 
the number of turns in the coils. 

The practical vector diagram of conditions in a loaded trans- 
former shows all these relations. 

THE VOLTAGE REGULATION DEPENDS UPON THE 
POWER-FACTOR of the load. The drop is due mainly to 
the resistance of the coils when the load has approximately 
unity power-factor, and to the leakage reactance when the 
power-factor is low and lagging. A low leading power-factor 
tends to raise the terminal voltage of the secondary above the 
induced e.m.f. 

THE TRANSFORMER WITH THE BETTER REGULA- 
TION costs more and is more liable to injury from short- 
circuits and improper operation. 

TO FIND THE EQUIVALENT PRIMARY RESISTANCE 
AND REACTANCE of a transformer, consider the resistance 
and reactance of the secondary side to be zero, and enough 
extra resistance and reactance added to the primary side to 
cause the secondary terminal voltage to have the same value as 
in the actual transformer, at any given load. The sum of the 
resistance of the primary plus this extra resistance is called the 
Equivalent Primary Resistance and the sum of the primary 
reactance plus this extra reactance is called the Equivalent 
Primary Reactance. 

The Equivalent Primary Resistance = E,- 

The Equivalent Primary Reactance = 

Similarly 

The Equivalent Secondary Resistance = R s H- -Rj- 

The Equivalent Secondary Reactance = X s + 

THE IMPEDANCE OF A TRANSFORMER is the Equiva- 
lent Primary Impedance, and may be expressed in ohms. 
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or in volts to overcome impedance drop at rated load or, better 
still, in percentage of impressed primary voltage necessary to 
overcome impedance drop at rated load. It is found by meas- 
uring the primary voltage necessary to send full-load current 
through the short-circuited secondary. 

THE REGULATION OF A CONSTANT VOLTAGE TRANS- 
FORMER may be computed from the impedance watts, im- 
pedance volts, and the resistance of both windings, by the 
vector diagram or the A.I.E.E. approximate formula. 

PROBLEMS ON CHAPTER IH 

Prob. 52-3. (a) At what per cent of rated full-load (non-in- 

ductive) will the 10 kv-a. “ Type S ” transformer of Table A, page 
149, attain its maximum efficiency? 

(by What will this efficiency be? 

(c) By what percentage will the total rate of heat development 
in the transformer then be greater or less than at rated load? 

Prob. 53-3. Solve Prob. 52 with relation to the 10 kv-a. 
“ Type SA” transformer in Table A. Compare the results of Prob. 
52 and 53. 

Prob. 64-3. On the basis of 3 hours at full-load and 21 hours 
at zero-load each day, what will be the all-day efficiency of the 
5 kv-a. “ Type S ” transformer in Table A? Power-factor of load 
100 per cent. 

Prob. 66-3. Solve Prob. 54 on the basis of a load haying 
80 per cent power-factor. 

Prob. 56-3. A Wright demand ammeter in service several 
months on the primary of a 15 kv-a. transformer supplying about 
ten residences registered about 25 per cent of the total connected 
load. Assuming this transformer to have the characteristics of a 
“ Type S ” transformer in Table A, calculate the all-day efficiency 
on the supposition that the transformer rating is 50% of the total 
connected load, and that the peak load persists 4 hours per day, zero 
load during the other 20 hours. Power-factor of load is 100 per cent. 

Prob. 57-3. Transformers for lighting service are usually se- 
lected so that at peak load they are overloaded about 25 per cent. 
What would be the all-day efficiency of a 2-kv-a. “ Type S ” trans- 
former (Table A), supplying a load of 90 per cent average power- 
factor for 5 hours per day, and no load the other 19 hours? 

Prob. 58-3. A group of buildings demands 25 kv-a. at 100 
per cent power-factor for 3 hours, 15 kv-a. at 70 per cent power- 
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factor for 8 hours, and zero load for 13 hours each day. If trans- 
formers having the characteristics of “ Type SA ” in Table A are 
considered, would the all-day efficiency be higher by using a 20 kv-a. 
size or by using a 25 kv-a. transformer? 

Prob. 60-3. What should be the watts taken from a line at 
rated voltage and frequency by a 7j-kv-a. “ Type S ” transformer 
(Table A) with its secondary circuit open? By what percentage 
is this greater than the real value of core loss? 

Prob. 60-3. Calculate the magnetizing and core-less compo- 
nents of exciting current for a ^-kv-a. and for a 50-kv-a. " Type S ” 
transformer (Table A). 

Prob. 61-3. A station transformer, rated 550 kv-a., 60 cycles, 
10,500 volts high-tension, when operated at rated full-load non- 
inductive, yields the following data: 

Efficiency = 98.31 per cent. 

Constant (core) loss = 0.88 per cent of input. 

Variable (copper) loss = 0.81 per cent of input. 

A distributing transformer manufactured by the same company, 
and rated 37j kv-a., 60 cycles, 2200 volts high-tension, yields the 
following data when operated at rated full-load non-inductive. 

Efficiency = 98.35 %. 

Constant (iron) loss =197 watts. 

Variable (copper) loss = 433 watts. 

The usual operating conditions of distributing transformers will 
be met if the all-day efficiency is based on 5 hours at full-load (non- 
inductive) and 19 hours at zero load. At zero load the input is 
equal to the constant loss only; the output is zero and variable loss 
is negligibly small. 

Calculate the all-day efficiency of each of these transformers on 
this basis. Notice that the full-load efficiency of both transform- 
ers is practically the same. 

Prob. 62-3. (a) Repeat the calculations of Prob. 61 on basis 

of 15 hours at full-load and 9 hours at zero load, each day. Com- 
pare results with those of Prob. 61. 

( b ) Which operating condition is more likely to be met in the 
station transformer? In the distributing transformer? Which 
gives best all-day efficiency under each condition? 

Prob. 63-3. Check Table I, page 159, against the formulas for 
core losses given in Art. 38, on the assumption that: 

(а) The core loss is entirely due to hysteresis. 

(б) The core loss consists of hysteresis watts and eddy-current 
watts normally in the proportion 4:1. 
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(Note that if core loss were entirely due to eddy-currents, in- 
creasing the voltage from 100 per cent to 110 per cent at constant 

frequency would increase B m in the ratio and the eddy- 

1 1 * 

current watts in the ratio j-gj, or 1.21. Compare this with the 
. value 1.23 given in the table. 

To solve with regard to hysteresis loss requires a knowledge of 
logarithms.) 

Prob. 64-3. Calculate the magnetic force exerted upon the 
winding on short-circuit as a percentage of the magnetic force 
exerted at rated full-load, 

(а) For the transformer specified in Prob. 37. 

(б) For the transformer specified in Prob. 42. 

Prob. 66-3. (a) How many volts must be applied to the high- 

tension winding of the transformer of Prob. 37 with low-tension 
short-circuited, to produce full-load current tlirough both windings? 

(6) How many volts must be applied to the low-tension winding 
with the high-tension winding short-circuited? 

Prob. 66-3. A short-circuit or impedance test is made on a 
transformer rated 300 kv-a. 34,600/2300 volts, 60 cycles. It is 
found that 1045 volts must be impressed on the high-tension coil 
to produce full-load current in the transformer and the power 
supplied is 2270 watts. Calculate: 

(а) Impedance in per cent. 

(б) Equivalent resistance in ohms (referred to high-tension) and 
in per cent. 

(c) Short-circuit current at rated voltage, in per cent of rated 
full-load current. 

(d) Magnetic forces exerted in per cent of those existing at rated 
load. 

Prob. 67-3. How many henries of inductance having negli- 
gible resistance must be inserted in series with the high-tension 
coil of the transformer of Prob. 37 in order to limit the current to 
5 times rated full-load when a short-circuit occurs on the secondary? 

Prob. 63-3. Calculate the regulation of the transformer of Prob. 
67, with its current-limiting reactance, at unity power-factor and at 
zero power-factor. Compare with that of the transformer alone. 

Prob. 63-3. Repeat calculation of Prob. 67 for a reactance con- 
nected close to the transformer on the secondary side. 

Prob. 70-3. Repeat Prob. 68 on the assumption of Prob. 69. 
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Prob. 71-3. By the method used in Example 7, calculate what 
ratio of turns would be required to deliver 22,000 volts at secondary 
terminals with 110,000 volts impressed at primary terminals, with 
full-load, non-inductive. 

Prob. 72-3. Using the value of T calculated in Prob. 71, and 
the values of IR and of IX calculated in Example 7, redraw Fig. 
104 and calculate wliat valuo of primary volts (OE p ) must be im- 
pressed to give 22,000 volts at secondary terminals with full load, 
80 per cent power-factor. 

Prob. 73-3. While the primary line voltage is maintained con- 
stant at the value calculated in Prob. 72 and the load is reduced to 
zero, calculate: 

(a) The zero-load terminal voltage of secondary. 

(b) The per cent voltage regulation. Compare this regulation 
with that obtained by the A.I.E.E. formula in Example 7. 

Prob. 74-3. A transformer, rated 1500 kv-a., 33,000/2300 volts, 
60 cycles, shows the following results on test: 

Impedance volts = 4.41 per cent. 

Impedance watts = 8200. 

Total watts I 1 It loss in primary and secondary as calculated from 
measured resistances and full-load currents, 6570 watts. Calcu- 
late: 

(a) Per cent PR loss at full-load, non-inductive. 

(b) Per cent IR drop at full-load. 

(c) Per cent IX drop at full-load. 

(d) Per cent voltage regulation for non-inductive load, by 
A.I.E.E. formula. Notice that there is a considerable difference 
between impedance watts and PR as calculated from measured 
resistances. Try to explain possible reasons for this. 

Prob. 75-3. Compute the limiting values of the constant Ku 
in the equation for hysteresis loss, for ordinary steels having Pn = 
1.0 to 2.0 watts per pound, while B m = 64,500 lines per square inch 
and the flux varies harmonically at 60 cycles per second. 

Prob. 76-3. Under the same conditions as in Prob. 75, com- 
pute the limiting values of K H for “silicon steels” containing from 
3 to 4 per cent silicon. See data on page 145. 

Prob. 77-3. Compute the limiting values of the constant Kr 
in the equation for eddy-current loss for annealed sheet steels con- 
taining no silicon. Conditions as in Prob. 75. Data on page 145. 

Prob. 78-3. Compute the limiting values of Ks for “silicon 
steels” containing from 3 to 4 per cent silicon. Conditions as in 
Prob. 75. Data on page 145. 
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TRANSFORMERS 

OPERATION AND POLYPHASE CONNECTIONS 

As the territory to be served becomes extended and new 
loads are added to the low-tension distributing system fed 
from the secondaries of transformers, we may install the 
necessary additional transformer kilovolt-ampere capacity 
according to cither of two policies: 

(a) Furnish a separate and independent transformer for 
each load or convenient group of loads. 

( b ) Connect the transformer secondaries in parallel, 
through a network of secondary or low-tension mains, to the 
loads or services which are also in parallel. 

The first policy tends to a large number of relatively small 
transformers, while in the second system a smaller number of 
relatively large transformers will suffice to carry the same 
loads. The latter has the advantage that the cost per kv-a. 
of transformer capacity is less, and that both the core loss 
and the copper loss per kv-a. are less, since the efficiency and 
the economy of material are better in large transformers than 
in small ones. 

The practice of “ banking ” transformers, or connecting 
their secondaries in parallel, has also the advantage that the 
total rated kv-a. of the transformers required may be con- 
siderably less than would be necessary if isolated transformers 
were used. Thus, relatively small transformers connected 
to a number of small individual loads usually require a trans- 
former capacity of approximately 80 per cent of the connected 
load. Relatively large transformers connected to a number 
of small consumers usually require a transformer capacity 
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of from 30 per cent to 50 per cent of theconnected load. 
This reduction of transformer capacity necegsary per kilo- 
watt of connected load is due to the “diversity factor” of the 
individual loads comiected. In general, the more separate 
services we connect together, the lower will be the ratio of 
the peak load of the combination to the total connected load 
or to the sum of the peaks of the individual loads, on account 
of the decreasing probability of the peaks occurring simul- 
taneously. 

As offsetting this saving in first cost and improvement of 
all-day efficiency in transformers, due to increase in the 
number and diversity of interconnected loads and to the use 
of fewer and larger transformers thereby made possible, we 
must consider the cost of the extensive low-tension distribut- 
ing network of mains required, and the value of the energy 
losses in it. If the interconnections between transformers is 
carried too far, or if the average size of district served per 
transformer becomes too great, the increase in the annual 
fixed charges on the low-tension mains and the value of 
energy lost in them may be greater than the saving of trans- 
former costs and losses effected by such interconnections. 

Then, too, if the operating characteristics of banked trans- 
formers are not properly suited to one another, cross-currents 
analogous to the synchronizing currents between parallel 
alternators will flow between them. When this occurs the 
total kv-a. of transformer rating must be larger for the saqie 
load than would be necessary if the system wer& designed with 
regard to the fundamental principles involved. 

A practical disadvantage in putting too many consumers 
on one bank of transformers is that the service to all of them 
may be interrupted in case of accident to one or more of the 
transformers. In such event the entire load, being con- 
nected to the remaining transformers, overloads them and 
causes their fuses to blow one after another. Where trans- 
former secondaries are not paralleled, the failure of pne could 
not interrupt the service from others. The Tn^yimiim prac- 
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ticable size of distributing transformer may be limited by the 
strength of pole or cross-arm on which it is supported or the 
size of manhole in which it is placed, or by the maximum rate 
at which the heat losses can be dissipated from the manhole. 

48. Proper Conditions for Paralleling Transformers. 
Stated briefly, the characteristics and adjustments necessary 
to make transformers operate properly in parallel are as 
follows: 

(1) The ratio of primary to secondary voltage should be 
the same for all transformers in parallel. 

(2) Secondary terminals of similar polarity should be 
connected together or to the same low-tension main. 

(3) The percentage of impedance should be approximately 
the same for all transformers in the same bank. 

(4) The ratio of resistance to reactance, or of resistance or 
reactance to impedance, should be the same for alljof the 
transformers. 

Consider the effects of violating each one of these require- 
ments separately, while the others are satisfied. For sim- 
plicity take only two transformers: 

(1) Voltage Ratios Unequal. If the voltage ratios are not 
equal, the transformer having the higher secondary induced 
voltage will force current through the other against its in- 
duced e.m.f. in such amount as will consume the difference 
of induced voltage in overcoming the total impedance of the 
local circuit formed by the two secondaries. This current will 
flow even when no external load is connected, and will result 
in increased losses and reduced capacity to carry useful load. 

(2) Wrong Polarity. This may be considered as a greatly 
magnified case of (1). The resultant voltage in the local 
circuit between the secondaries is equal to the arithmetical 
sum rather than the difference of the secondary induced 
voltages. As the total impedance of this circuit is kept 
relatively small by careful design in order to avoid bad 
voltage regulation, this resultant voltage causes a current to 
flow which is enormous relative to the rated current, and 
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which must burn out the transformers if it does not open the 
fuses or other devices provided to protect the transformers 
against overload. 

(3) Unequal Percentages of Impedance. The currents 
carried by the transformers, expressed as percentages of their 
respective rated full-load currents, will be inversely propor- 
tional to their percentages of impedance. As the terminal 
voltages are practically the same for all transformers in 
parallel, the kv-a. load in individual transformers, expressed as 
percentage of their respective rated kv-a., will also be inversely 
proportional to their percentages of impedance. Thus, if 
transformer A has 4 per cent impedance and B has 2 per cent 
impedance, then when the total load is such that A carries 75 
per cent of its rated kv-a. or rated current, transformer B must 

at the same time be carrying (2 pe r cent * per cent^ or 

150 per cent of its own rated kv-a. or rated current: in other 
words, B is operating at 50 per cent overload when A is at } 
load, and A is operating at half load when B is at full load, 
regardless of what the actual kv-a. value of these rated loads 
may be. 

(4) Unequal Ratios of Reactance to Resistance. If the ratio 
of (equivalent) resistance to (equivalent) reactance, or the 
ratios of resistance or reactance to impedance, are not 
equal for all the transformers whose secondaries are inter- 
connected in parallel, the result will be that the total kv-a. 
of transformer capacity required will be greater than the 
total kv-a. of load served from the network. This is because 
the currents and the kv-a. in the different transformers will 
not be in phase with one another or with the total load, and 
the power-factors of the individual transformers will not be 
equal to one another or to the resultant power-factor of the 
load. If the transformers are very poorly selected, the 
resulting loss of load capacity and increase of energy losses 
in transformers and in connecting mains may become a very 
serious matter. 
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49. Polarity of Transformers. The Standardization 
Rules of the American Institute of Electrical Engineers 
specify a definite system for marking the relative polarity of 
all terminals of transformers, in order to minimize the chances 
of making improper connections between various transform- 
ers or between the various coils of any one transformer. The 
two ends of each high-tension coil are to be marked A and B , 
respectively, and the two ends of each low-tension coil are 
to be marked X and Y , respectively, in such manner that the 
alternating e.m.f. in the direction from A towards B reaches 
its cyclic maximum value at the same instant the e.m.f. from 
X towards Y reaches its cyclic maximum value. If the 
transformer has two high-tension coils, the terminals of the 
second one are to be marked Ai and Bi, these marks having 
the same relative significance as A and B . Similarly, a trans- 
former may have two low-tension coils, XY and X\ Yi. 


Single-phaee high-tension linA 



s : 
To load 


Fig. 105. Transformer Ti, having two coils in both the high-tension and 
the low-tension side, is connected in parallel with transformer T t 
which has but one high-tension coil and one low-tension coil. Note 
that the ends marked A are all joined to the same high-tension line 
wire and the ends marked X are all joined to the same low-tension 
line wire. 

To connect transformers thus marked in parallel, it is only 
necessary to connect similarly marked terminals together to 
the same main. Thus, in a distributing transformer having 
two high-tension coils and two low-tension coils, parallel 
connections would be made as in T%, Fig. 105. In this 
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figure, T x is shown connected in parallel with another trans- 
former, T iy which has only one high-tension and one. low- 
tension coil. * 

60. Determination of Polarity in Transformers. Sup- 
pose we are given a transformer like Ti, Pig. 105, .whose 
terminals have not been marked. The data given on the 
rating plate are as follows : 

Kv-a. = 5.0, or Watts = 5000. 

Volts = 2200/220 - 110. 

Frequency — 60 cycles per second. 

There are four low-tension leads of heavy wire protruding 
from the transformer case, and, although there are only two 
high-tension leads of light wire protruding, there are four 
coil-terminals inside which must be connected in a certain 
manner to the two high-tension leads by means of brass or 
copper links on a porcelain terminal block within the trans- 
former-case. 

According to the rating plate, the e.m.f. impressed upon 
the high-tension primary circuit at 60 cycles should not 
exceed 2200 volts effective, and at this value each of the 
secondary coils will have 110 volts induced in it, giving 220 
volts between low-tension terminals if the secondary coils 
are connected in series, or 110 volts if they are connected in 
parallel. 

Label either terminal of the high-tension winding A and the 
other Bi (Fig. 106). Connect these primary terminals to low- 
tension mains (say, 220 volts alternating) or to the low-tension 
secondary of another transformer. Then, by connecting 
various paired combinations of the four secondary terminals 
to a suitable voltmeter or testing lamp, or even to pieces of 
small fuse-wire, determine which are the two terminals of each 
low-tension coil Si and $ 2 . Connect an end of one of these 
coils. (S 2 ) to the B x end of the primary, as in Fig. 106. If then 
the e.m.f. from A to the remaining end of St is greater than 
the e.m.f. from A to Bi, we know that it must be the X* end of 
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fit which is connected to B u and the other end is F, as marked 
in Fig. 106. The e.m.f.’s in all coils are in time-phase with 
one another, being in quadrature with the core flux common 
to all coils. The voltmeter shows in Fig. 106 that & is in 
additive series with* the primary AB y > indicating that the 

joined terminals are of 

opposite polarity at all 
’ instants. 

The polarity of Si 
may be determined in 
similar manner. As a 
check, we may connect 
the Xi of iSi to the X 
of S%. There should be 
zero resultant voltage, 
and a piece of small 
fuse wire connected be- 
tween Y and Y x should 
not blow. Or, if we 
connect the Y of S 2 to 
the Xi of Si, we should find that the e.m.f. across the series 
is equal to the arithmetical sum of the e.m.f.’s across Si 
and S 2 . 



Fig. 106. The test for determining the 
polarity of a transformer. Terminals A 
and Bi are marked arbitrarily. The 
higher voltmeter reading between the 
terminals A and Y indicates that coil St 
is joined in additive series to the high- 
tension coils. Thus the positive direc- 
tion through St must be from X to Y. 


Prob. 1-4. Each of the two low-tension coils XY and XiYi in 
a 5-kv-a. 60-cycle distributing transformer has ^ as many turns as 
each of the high-tension coils AB and AiBi. The maximum per- 
missible core flux generates 110 volts in each low-tension coil. If 
we connect B to Ai, and Y to Xi, what is the greatest lino pressure 
(effective volts) which may be applied between A and B\, and what 
voltage would be obtained across XYi? 

Prob. 2-4. In the transformer of Prob. 1, if we connected B to 
B\ and then connected A and A\ to the same high-tension mains, 
without altering the low-tension connections, what would be the 
result? 

Prob. 3-4. If we connect A and A\ to one of the same high- 
tension line wires, and Band Bi to the other, and leave the low-tension . 
coils connected together as in Prob. 1, what will be the voltage be- 
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tween low-tension terminals of the transformer? How will the 
values of total flux, 5 ma x, and magnetizing current compare with 
the corresponding values for Prob. 1? 

Prob. 4-4. Draw sketch of connections for the transformer of 
Prob. 1, with high-tension coils in series and low-tension coils der 
livering power to a three-wire 110— 220- volt system of secondary 
mains. Label clearly all coil terminals with proper letters. 

Prob. 6-4. In the transformer of Prob. 1, connect X to Pi, 
then connect Y and Xi to 110-volt mains. If we leave the high- 
tension coils connected as in Prob. 1, what will be the pressure be- 
tween secondary mains ABJ 

Prob. 6-4. With the high-tension coils connected together as 
in Prob. 1 and to the same line, the secondary coils are to be paral- 
leled. Show the connections and calculate voltage between sec- 
ondary mains. 

61. Effect of Unequal Voltage Ratios in Parallel Trans- 
formers. The, two transformers shown connected in 
parallel in Fig. 107 have unequal ratios of turns, X 2 Y 2 having 

the lower voltage induced 
in secondary coils. Fig. 

108 is a simplified dia- 
gram of secondary con- 
nections only, and Fig. 

109 illustrates vectorially 
the relations of phase and 

Fia. 107. The two transformers having value between the e.m.f.’s 
unequal voltage ratios are connected an d currents in the closed 
in parallel. secondary network 

formed by the coils XiFi and X 2 F 2 with their connecting 
mains m and n . The equivalent resistance and reactance 
reduced to basis of low-tension side are n and xi, respectively, 
for transformer No. 1, and r 2 , x?, respectively, for transformer 
No. 2. The secondary mains m, n are assumed to have 
negligibly small impedance, for simplicity. 

In Fig. 109, vector Ei represents the e.m.f. from -Xi toward 
Fi, and E 2 represents the smaller e.m.f. from X 2 toward F 2 . 
The vector E' % (or E% reversed) represents the e.m.f. from F 2 
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to X 2f in the same direction as E\ in coil X\Y lt through the 
series circuit formed by the two secondary 
coils with the mains m,n, or in the direc- 
tion indicated by the dotted arrow in Fig. 

108. Adding E' a to Ei vectorially as in 
Fig. 109, we obtain the resultant e.m.f. 

E R acting in the circuit of secondary 
coils, in the direction of the larger e.m.f. 

Ei from Xi to Y Xt and from Y 2 to X 2 . 

This resultant e.m.f. E R produces a cur- 
rent I through both coils, whose value 
is given by the equation: 

j __ Er 

Total equivalent impedance 
Ei © E 2 Ei © E 2 


Zi ® 22 \/(ri -b r 2 ) 2 -h + x*) 2 


Fig. 108. A simple 
diagram to represent, 
the properties of the 
two transformers con- 
nected in parallel as 
in Fig. 107. The 
dotted arrow repre- 
sents the positive di- 
rection of the e.m.f. 
of transformer X t Y* 
with respect to the 
circuit formed by the 
coils X v Yi, XiY 2 , and 


The lengths of vectors E l and E 2 are ,naina m and ”• 
obtained by dividing the voltage E of the high-tension line 
by the respective ratios of high-tension to low-tension turns 



Fig. 109. The vector diagram for the current and e.m.f. ’s in Fig. 107 
and 108. The full lines represent phase relations with respect to 
positive directions in both coils toward the same main. The dotted 
lines refer to positive directions which arc the same within the circuit 
formed by the coils and the mains m and n. 
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for the two transformers. If wfe assume negligible impedance 
drop 'in , the high-tension line between transformers, E is 
identical in value and in phase for both of them; therefore 
Ei and E 2 are in phase with each other, and their vector 
difference has the same value as their arithmetical difference. 

The current I lags behind E R by an angle 0 such that 


tan 0 


Xi + Xj 
ri + r 2 ' 


The equivalent low-tension resistances and reactances for the 
two transformers are n and x lf r 2 and X2, respectively. As Er 
is in phase with Ei (the greater e.m.f.), the current I 1 in coil 
X\Yi will lag 6° behind E\. This same current, represented 
by the dotted vector IZ in Fig. 109, flows through X 2 Y 2 in the 
direction indicated by the dotted arrow in Fig. 108, which is 
the direction of the resultant e.m.f. Er in the series circuit 
of secondaries. Thus, if the vector IZ represents the current 
in transformer No. 2 with respect to a positive direction 
from Y 2 toward X 2 , it follows that the vector I 2 (directly 
opposite to IZ) represents the same current but with respect 
to a positive direction from X 2 to Y 2 , or with respect to the 
induced e.m.f. E% in the secondary of transformer No. 2. 

Notice from Fig. 109 that the current produced by in- 
equality of voltage ratios in the transformers lags behind the 
higher secondary e.m.f. by 6 degrees and leads the lower 
secondary e.m.f. by (180 — 0) degrees. As 0 must be less 
than 90 degrees, it follows that the secondary of transformer 
No. 1 (having the higher secondary induced e.m.f., corre- 
sponding to the lower ratio of high-tension turns to low- 
tension turns) gives out power (cos 0 being of positive sign), 
and that the other secondary X 2 Y 2 takes in power. Thus: 


p 1 = ElIl0O * e = (f) x \vw+W 




X 


C 


+ (*i + x*) 2 / 
T \ .+ r 2 


V^rx 4 - r 2 ) 2 4 - (xi 4 - afe)v 
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Pi - coa (180° -S) — Qx 


E E 

0 — 

dl 02 


* ~ v ' W~ VV(n + r,)’ + (* l + a *)V 

x ( r ' + T * \ 
W (n + r *) 1 + (*1 + Xj)V 

in which Oi and 02 represent the ratios of high-tension turns 
to low-tension turns in transformers No. 1 and No. 2, re- 
spectively. Pi and P 2 when positive represent power given 
out by secondary induced e.m.f., the negative sign signifying 
power received thereby. 

The total amount of power consumed in heating the copper 
in the transformers or in overcoming their resistance would 
be as follows: 


In transformer No. 1, 


(E ^ E\ 

ri t 0 2) 


™ v*i m/ 

11 (fi + r 2 ) 2 + (xi + X2) 2 

In transformer No. 2, 


/§r 2 - 


(E ^ E\* 
r 2 (~ © — ) 

\ai 02 / 

(n + r 2 ) 2 + (xi + x 2 ) 2 


E*r 1 (a 2 — «i ) 2 
alal [(n + r 2 ) 2 + (xi + x 2 ) 2 ] 


Eh -2 (02 — a Q 2 
a\a % [(ri + r 2 ) 2 ■+• (xi + a*) 2 ]’ 


Thus, transformer No. 1, having the lower transformer 
ratio a\ or higher secondary induced voltage, takes Pi watts 
from the high-tension line, consumes /fn watts in heating 
its conductors, and gives (Pi — /fn) watts out from its 
terminals and into the low-tension terminals of transformer 
No. 2. The latter consumes I\r 2 watts in heating its own 
conductors, and the remainder (Pi — /?n — /Jn) or — P 2 
watts is returned to the high-tension line from the coil A 2 B 2y 
after having circulated through the two transformers. We 
should find, as a check on the accuracy of our work, that 
(Pi -f- P 2 ), the algebraic sum of power taken from the high- 
tension line by the coils A\B X and A 2 B 2) is exactly equal to 
(Ifri + I&fe), the total power consumed in overcoming the 
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copper losses of the two transformers. The iron losses are 
not considered, as they are supplied by the exciting current 
which flows in each high-tension coil in addition to the cur- 
rents which we have been considering. 

A further useful application of our vectors, as in Fig. 110, 
gives us the secondary terminal voltage E t between the mains 



Fig. 110. Terminal voltage of the unloaded transformers having un- 
equal voltage ration. The vector OEt represents the terminal voltage 
of both transformers, and must equal E 2 ® x^I 2 © r 2 I 2 and Ei © xiL 
© nh. The vector OE' t would represent the terminal voltage if 
No. 1 possessed the combined reactance of the two transformers and 
no resistance, while E" t is the terminal voltage if No. 1 possessed all 
the resistance of the two transformers, and no reactance. 

m, n of Fig. 107 and 108. Here the vectors E u E 2 , Ii, h , 
Ei and Ii have the same significance as in Fig. 109, although 
the difference between E x and E 2 has been magnified in order 
to make the diagram clearer. Starting at the end of vector 
Ei we lay off E x a of length proportional to xJi volts, lagging 
behind the vector Ii by 90 degrees, and representing the 
counter e.m.f. due to total equivalent leakage reactance in 
transformer No. 1. Then from a we lay out vector aE t of 
length proportional to the total equivalent resistance re- 
action, in volts, of transformer No. 1, and opposite in phase 
to Ii. This locates the end of the vector OE t , which repre- 
sents terminal e.m.f. of transformer No. 1. Next, starting 
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from E 2 lay out E 2 b of length proportional to xj 2 and lagging 
90 degrees behind /*, representing the reacting e.m.f. in 
transformer No. 2 due to its leakage reactance. Then from 
b lay out bE t of length proportional to r a 7 2 and opposite in 
phase to J s , representing the reacting e.m.f. in transformer 
No. 2 due to its equivalent resistance. As the terminal 
e.m.f. in the transformer is the resultant or vector sum of the 
total induced e.m.f. and the reacting e.m.f/s due to current, 
it follows that 0E t is the terminal e.m.f. of transformer 
No. 2. As the impedance of the secondary mains m } n 
between X\Y\ and X 2 Y 2 has been assumed negligible, the 
current 7i or I 2 will automatically adjust itself in value and 
phase so that the terminal e.m.f. of X 1 Y 1 is equal to that of 
X 2 Y 2) as indicated by coincidence of vectors OE t in Fig. 110. 

If we consider the total resistance (t*i + r 2 ) and the total 
reactance ( x x + x 2 ) in the local circuit of secondaries to ber 
fixed while the distribution of either quantity between the 
transformers is varied, we find that the terminal e.m.f. 
between secondary mains m, n may vary in value and phase 
all the way between OE[ and' OF" in Fig. 110. The former 
(OEl) represents the e.m.f. between the secondary mains when 
transformer No. 1 has all of the reactance and no resistance — 
a hypothetical limiting condition; while OE V is the corre- 
sponding e.m.f. when transformer No. 1 has all of the resist- 
ance and no reactance. The point E t may, in fact, come 
anywhere within the rectangle ExE"E 2 El, whose diagonal 
is the resultant e.m.f. (Ex — E 2 ), one side parallel to 7 and 
equal to (n + r 2 )I t and other side perpendicular to 7 and 
equal to (xi + 22 ) 7- The value of 7 and its phase angle 
(0°) with respect to Ex or E 2 or (Ex — E 2 ) are fixed by the 
values of (n + r 2 ) and of (xx -f* 22 ), as previously demon- 
strated. 

It is instructive to consider the effect of unequal voltage 
ratios in parallel transformers upon the distribution of load 
between them when an external circuit is completed between 
secondary* mains. In Fig. Ill, the vectors E lf E 2i h and 7* 
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are exactly the same as in Fig. 110. Now suppose that there 
is connected between the secondary mains an external circuit 
of such resistance and reactance that, if the voltage ratios erf 
the transformers were equal, it would draw I'l amperes at 
power-factor cos eti, from the secondary of transformer No. 1, 
and I'£ amperes at power-factor cos a 2 from the secondary 



Fig. 111 . Current in the transformers having unequal voltage ratios, 
when loaded. The vectors E 1} E 2 , I\ and 7* are the same as in Fig. 1 10. 
No. 1 is now delivering a load current /£ and No. 2 a load current I'l- 
These combine to produce a total load current of 7^. The total cur- 
rent 7s in No. 1 equals I L (the load current) vectorially added to h the 
local current. Total current la in No. 2 equals Vi added vectorially 
to the local current h. Is ® Is — II just as 7/© V£ — I L . 

of transformer No. 2. The total load current II (resultant of 
vectors I'l and I'l) is taken from the secondary mains at 
pressure E t volts and power-factor cos a. 

If now we add (vectorially, or by parallelogram construc- 
tions as shown) the local current 7i in transformer No. 1 to 
the load current II in the same transformer, we get Is, the 
total secondary current in this transformer. *If then we add 
vectorially the local current in transformer No. 2, represented 
by vector J 2 , to the load current I'i in the same transformer, 
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the resultant is the total current I'& in the secondary of this 
transformer. The effect of the circulating current /i or J a 
due to unequal voltage ratios is, therefore, to alter the total 
current in transformer No. 1 from H to Ik, and to alter the 
total current in transformer No. 2 from Ii to Is. As a 
check, we may combine Is with Is, and we should find the 
resultant to be exactly coincident with I L) as the "external 
circuit and total current remain unchanged. 

Note: All problems in this group are to be worked on the assumption 
that there Is no load connected to the secondary mains. 

Prob. 7-4. One transformer having a ratio of 10:1 with equiv- 
alent resistance 1 per cent and impedance 2 per cent is paralleled 
with another having ratio 9.6:1 with resistance 1.5 per cent and 
impedance 5.0 per cent. Each transformer is rated 25 kv-a. 
60 cycles, and for 6600 volts on high-tension side. Calculate: 

(a) Secondary open-circuit voltage of each transformer. 

(b) Equivalent low-tension resistance and reactance of each 
transformer, in ohms. 

(c) Current flowing in secondaries when connected through 
mains of negligible impedance, expressed in amperes and in per cent 
of rated current of each transformer. 

Prob. 8-4. Calculate I 2 R loss in each transformer of Prob. 7, 
in kilowatts and in per cent of its PR loss at. rated full load. 

Prob. 9-4. Calculate kilowatts taken by each transformer of 
Prob. 7 from the high-tension line, neglecting core losses. There is 
no load connected to the secondary mains. Find whether the alge- 
braic sum of these two amounts is equal to the sum of PR losses in 
Prob. 8. If not, explain why. 

Prob. 10-4. Calculate the voltage between terminals of sec- 
oiidaries in Prob. 7, and also the power-factor of the current which 
is being pumped from the secondary of the 9.6 : 1 transformer into 
the secondary of the 10 : 1 transformer. 

Prob. 11-4. Prove algebraically from the equations in the pre- 
ceding article that, in general, 

Pi + P% ~ I\T\ 4* fir*. 

Prob. Perform the calculations of Prob. 7 and 8 on the 

assumption that the 10 : 1 transformer has 1.5 per cent resistance 
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and 5.0 per cent impedance while the 9.6 : 1 transformer has 1 per 
cent resistance and 2 per cent impedance. 

Prob. 13-4. Perform the calculations of Prob. 9 and 10 on the 
assumption stated in Prob. 12. 

52* Effect of Unequal Percentages of Impedance in 
Parallel, Transformers. For simplicity, let us continue to 
assume that the impedances are negligible in those portions 
of the high-tension and of the low-tension mains connecting 
the transformers. It follows, then, that the terminal voltage 
is the same for all high-tension coils, and also that all low-ten- 
sion coils have the same terminal voltage. ' This means that 
the total internal drop due to equivalent impedance must be 
the same for all of the parallel transformers — that is, equal 



Fig. 112. Although the impedance Zi of No. 1 is not equal to the 
impedance Zt. of No. 2, the currents in the two transformers in parallel 
will always adjust themselves so that the impedance drop Zih of No. 1 
is equal to and in phase with the impedance drop Zj/* of No. 2. The 
terminal voltage of each then is OEs — E 0 0 Zih =* Eq 0 t*l%. 

in value and coincident in phase. In other words, the vectors 
OS, OE P and SE P of Fig. 104 (Chap. Ill) are identically the 
same in value and in phase relations for all transformers in 
parallel. 

Thus, in Fig. 112, OEq, common to all the transformers in 
parallel, is equal to the high-tension line e.m.f. divided by the 
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ratio of high-tension turns to low-tension turns, or it is the 
e.rn.f. that would be induced in secondary if all of the equiva- 
lent resistance and reactance were concentrated in the 
secondary, there being then no reactions in the primary. 
OE s is the terminal e.m.f. of secondary, identical for all of 
the transformers in parallel. Transformer No. 1 is deliver- 
ing to the load I\ amperes from its secondary, lagging, with 
power-factor of cos a i. E^Ci = rJi is the e.m.f. consumed in 
overcoming the reaction due to equivalent resistance, while 
C\Eo = X\I\ is the e.m.f. consumed in overcoming the reaction 
due to equivalent reactance in transformer No. 1. Of course, 

1 1 is the current in the secondary coil of transformer No. 1, 
and n and x x are the equivalent resistance and reactance, 
respectively, of this transformer reduced to terms of second- 
ary. The vector sum ( OE s © r x I\ © X\h) is equal to OE 0 , 
the total induced voltage in secondary; and z x I x is the total 
equivalent impedance drop, in secondary volts. 

Now consider the other transformer No. 2, which is operat- 
ing in parallel with No. 1. Having identical vectors OE s and 
OE 0 , as in Fig. 112, it must also have identical impedance 
drop EsEo. Given the values of equivalent resistance r 2 and 
of equivalent reactance x* for this transformer, the current 

1 2 in its secondary coils must automatically adjust itself to 
such value and such pha^e relations that the vector sum of 
r 2 I 2 parallel to J 2 , and xj 2 perpendicular to I 2t will be equal 
to the vector 22/2 = zJi = Eo © E$ = EgEo. In fact, I 2 will 
keep changing and we shall not have equilibrium, until this 
relation is attained* Transformer No. 2 will then be deliver- 
ing to the load I 2 secondary amperes 

( , _ E S C2 volt s _ C jEp volts \ 

2 r 2 ohms ~ X2 ohms / 

at power-factor cos a 2 , while transformer No. 1 is delivering 

r . / E s ci volts C1E0 volts\ . 

/, secondary amperes -^55— = at 

factor cos «i. 
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Notice from Fig. 112 that the secondary currents (expressed 
in amperes) in the transformers must be in the inverse ratio 
of the impedances (expressed in ohms). That is, since Z\h 
volts =* Ztl* volts, it must follow that 

It amperes __ Zi ohms 
I\ amperes z% ohms 

From this relation it is easy to show that, if transformer No. 1 
has 4 per cent impedance and transformer No. 2 has 2 per 
cent impedance, then transformer No. 1 cannot be operated 
at more than half of its rated load without overloading 
transformer No. 2, and No. 2 will carry 100 per cent over- 
load when No. 1 is just loaded to its full rated kilovolt- 
amperes. When No. 1 carries its rated full-load kv-a. or cur- 
rent, the impedance drop in it is 4 per cent of line voltage; 
when No. 2 carries its rated kv-a. or current, the impedance 
drop in it is only 2 per cent of the same line voltage. But the 
impedance drop in volts must be the same for both transform- 
* ers, hence No. 1 will carry only half as large a fraction of its 
rating as No. 2 will carry simultaneously, regardless of what 
the rating may be or of what actual currents or what kilovolt- 
amperes the transformers carry. 

Example 1. Transformers A , B, C, having characteristics as 
tabulated below, are operated in parallel. Determine: 

(а) Which transformer will reach its full-load first, as the total 
load is increased? 

(б) What will be the load on each of the other transformers, in 
kv-a. and in percentage of its respective rated capacity, when the 
transformer of part (a) is operating at its full rated capacity? 
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(fc) When transformer C having the highest percentage of im- 
pedance reaches its full-load, what will be the load on B and . A, 
respectively, in kv-a. and in per cent of their rated capacities? 


(а) We have already explained that the transformer having 
lowest percentage of impedance (in this case, A) will be first to reach 
its rated full load as the total load is increased. We have also seen 
that the transformer having highest percentage of impedance (in this 
case, C) will be the last to attain its rated full load. 

(б) It should be evident from the preceding explanations that the 
actual loads, in amperes or in kv-a., on each of several transformers 
in parallel will be inversely proportional to the percentages of im- 
pedance and directly proportional to the rated values of kv-a. or of 


currents. 


Thus, in the above example, C will carry 


/ 2 . 20 \ . . 
[uir 


times its 


own rated kv-a. when A is carrying just its rated kv-a.; but inas- 
much as the rated kv-a. of C is times that of A , it follows that 


( 2 20 750 \ 

iTi X 500/ t * raes 88 * ar 8 e 

as that which A carries, whatever may be the numerical values of 
these loads. Thus 


Kv-a. in C __ % impedance of A Rated kv-a. of C 
Kv-a. in A % impedance of C Rated kv-a. of A * 

Rated kv-a. of C 

, Kv-a. in C % impedance of C K c 
wnence Ky _ ft in A ~ Rated kv-a. of A “ 

% impedance of A 

where K is a factor obtained for each transformer by dividing its 
rated kv-a. by its percentage of impedance. 

Having calculated the values of K for the transformers in this 
example as shown in the last column of the table, we may state the 
following proportionality: kv-a. of A : kv-a. of B : kv-a. of C :: 
227.2 : 204.0 : 181.0, or that I A : I B : I c - 227.2 : 204.0 : 181.0. 

Thus, at any and ail loads, C will deliver times as many 

amperes as A, and B will deliver times as many amperes as 

A. Therefore, when A is delivering its rated full load of 500 kv-a. 
or (- a 217} amperes low-tension, C will be delivering 
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V 

(^§"2 X 217 ) ° r 173 ampe^es, and B wiU be deliverin « X 217 ) 

' / 173 \ 

or 195 amperes. But 173 amperes is only ^ 750 qqq ^ 2300 / 


or 53.1 


( 195\ 
217/ 

( 2.20 

Check: =53.1 

2 20 \ 
per cent for C , and — 89.8 per cent for B.J 

(c) When C reaches its rated full load, or 326 amperes low-tension, 

(( 204 \ /4 14 \ 
X 326 = 367.4 J amperes or ( ^45 = 169 ) 

227.2 

-jgj- 


X 326 = 409 J amperes or 


a 


14 \ 

— = 1881 per cent of its rated capacity. 


Prob. 14-4. When transformer B of Example 1 is carrying its 
rated full load, what kv-a. are being delivered by A and by C? 

Prob. 15-4. How many henrys of inductance having negligible 
resistance must be inserted between the high-tension line and the 
primary of transformer A , Example 1, in order to make it reach its 
full load when C reaches its full load? 

Prob. 16-4. How many henrys of inductance having negligible 
resistance must be inserted between the low-tension line and the 
secondary of transformer B, Example 1, in order to make it reach 
its full load when C reaches its full load? 

Prob. 17-4. Determine the rating of the reactances of Prob. 15 
and of Prob. 16, (a) in kv-a., ( b ) in per cent. 

53. Effect of Unequal Reactance Factors in Parallel 
Transformers. If Fig. 112 were drawn to represent the 
relations between any number of transformers operating in 
parallel, it would be found that all the points c (as Ci, c 2 , each 
being the junction point of the rl and xl vectors for the same 
transformer) lie on the circumference of a circle having E s Eo 
or zl as diameter, because the angles /E s CiE 0 m /EsCzEq * 
/EscEq must all be right angles. This rests upon a well- 
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known proposition in geometry. The relation is useful in 
determining the actual load which each individual transformer 
will assume when a given total load is drawn from the 
secondary mains. 

/ 

Thus, suppose that transformers A ahd C only, of Example 1, 
are operated in parallel, the total load having 72 per cent power- 
factor and such value in kilovolt-amperes that transformer A carries 
its rated full load. We are required to determine the total kilovolt- 
amperes and kilowatts delivered from secondary mains, as well as 
the kilowatts, kilovolt-amperes and power-factor for each of the 
individual transformers, and the voltage between the secondary 
mains when the high-tension line impresses full rated voltage of 
6600 volts at 60 cycles on both transformers. 

Figure 1 13 illustrates a method of solution. Start with any con- 
venient line, such as E S E 0 , representing the voltage drop in each 
transformer due to equivalent impedance on low-tension basis. 
Divide E S E 0 into 100 equal parts, and draw a semicircle upon it as 
diameter. Now calculate the ratio rjz for each transformer, as 
follows: 

Transformer A: The measured “impedance watts” equal the 
true “copper loss”; hence, 

2700 watts copper loss with full-load current 0054 

500,000 watts input (approx.) with full-load current 


That is, 0.54 per cent of the impressed voltage is consumed in 
overcoming resistance, or the equivalent resistance is 0.54 per cent. 
The impedance of this transformer is 2.20 per cent, therefore 

r . J. n KA 

— = —r- = 0.245, or nh = 24.5 per cent of zl. 

Zih 2.20 * 


Similarly, for Transformer C: 

5570 watts copper loss * 
750,000 watts input (approx.) 


0.00743. 


That is, the total equivalent resistance drop is 0.743 per cent of 
the applied voltage. Then 

T ~^r = ^TTT * 0.179, or r*/ 8 = 17.9 per cent of zl . 

Z%1% 4.14 


Now, with E s as center ahd radius 24.5 percent of EgEo, swing an 
arc intersecting the semicircle at ci, and through EgCi draw a vector 
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7i or 1 A representing to any suitable scale the number of amperes 


in transformer A, namely 


500,000 

2300 


or 217 in this example. Simi- 


larly, strike another arc with radius 17.9 per cent of EgE 0 intersecting 



Fig. 113. ■ Diagram for finding currents I a, Ic, angles an and at and 
terminal voltage OE$ of parallel transformers A and C. Line EsE 0 
is first laid off to represent impedance drop of each transformer. 
The total current II is then found and from this and the angle a the 
direction of the line OEsU is determined. The length of the induced- 
voltage vector OEo, to same scale as EsEo, determines the length of 
QEs, the terminal- voltage vector. 


the semicircle at c 3 , and through E s c a draw vector / 8 or Ic represent- 
ing to the same scale the amperes in transformer C, namely 173. 

# Add the currents h and / 3 vectorially, and obtain the resultant cur- 
rent I l, which is being delivered from the secondary mains. N ext find 
the angle a whose cosine is the power-factor given for the total load. 
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If the total-load current II is lagging, as usual, lay out a line OEgy 
of indefinite length through E$ on each side of Es and leading 
the vector E s Il by « degrees. Then from E 0 , with radius repre- 
senting the total induced voltage (high-tension line e.m.f. divided 
by ratio of transformation) to the same scale that E s Eo represents 
impedance volts in transformer A with h amperes flowing, strike 
an arc intersecting OEgy at O. By applying the scale to OEs we 
measure the terminal voltage between secondary mains. 

Transformer A will under these conditions be delivering power at 
power-factor equal to cos an, and transformer C will deliver power 
at power-factor cos a 3 , where «i and « 3 arc the angles separating 
OEs or Egy from h and / 3 , respectively. The relations between real 
power outputs of individual transformers and of secondary mains 
should furnish a check on the accuracy of the work. Thus: 

Pa = EsIa cos a h 

Pc = Eslc cos “ 3 , 

Pl — total power taken from secondary mains 
= Pa 4 - Pc = E s Il cos a. 

From the construction given it may be seen that, if the power 
taken from the secondary mains be reduced to J Pl watts, but still 
at the same power-factor cos a, the effect is to reduce the length of 
1 Li I a and Ic each to \ its former value, but not to alter their phase 
relations. The vector E$Eq now represents half as many volts 
impedance drop as before, therefore OEo representing the same im- 
pressed voltage will be twice as long as before, relative to the length 
of EsEo. Of course OEs will now be measured by the new voltage 
scale adopted for EsE 0 . We can also see from Fig. 113 that for low 
power-factors with II lagging, the impedance drop is more nearly 
parallel to OE 0 and therefore the secondary terminal voltage is 
lower and the voltage regulation is higher or poorer. 

It is apparent that if the ratios x/r or r/z are nearly the 
same for all the transformers which are connected in parallel, 
the individual currents, as I x arul / 3 , will be nearly in phase 
with one another, ami the angles a lf a 3 , a will be nearly equal. 
From this it results that the total or resultant current II 
delivered from the secondary mains will be then very neady 
equal to the arithmetical sum of the individual currents, or 
that the total kilovolt-amperes of transformer capacity 
required will be very little greater than the total or resultant 
kilovolt-amperes of load taken from the secondary mains. 
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A further result of less consequence is that all such trans- 
formers operate at nearly the same power-factor as the mains. 
Conversely, if the reactance factors x/z are much different for 
the various transformers in parallel, the total kv-a. rating 
required will be considerably larger than the resultant kv-a. 
taken from the mains; that is, some of the transformer kv-a. 
will be consumed in useless currents circulating between the 
transformers. Evidently, therefore, the money investment 
in banked transformers intended to carry a given load may 
be uselessly increased by failure to select transformers having 
similar characteristics. 

Example 2. Let us proceed to find numerical values for the 
quantities referred to above, with relation to transformers A and C 
of Example 1. 

/EoEgh = arc cos* = arc cos 0.245 = 75* 49'. 

/E 0 E S I, - arc cos = arc cos 0.179 = 79° 40'. 

/IxEfJz = 79° 40' - 75° 49' = 3° 51'. cos 3° 51' = 0.9977. 

/j = 173 when 7i = 217 (full load of transformer A). See page 
217. 

P L - (173) 2 + (217) 2 + 2 X 173 X 217 X cos 3° 51' = 151,940. 
I L - a/ 151,940 = 389.8, say 390 amperes. 

Thus II, is almost exactly equal to the arithmetical sum of I & 
and Ic notwithstanding the fact that the transformers differ in per- 
centage resistance and impedance. 

sin / 1 \E S I l /* 173 

- — Ta-rr = 7 “ = = 0.444. (See First Course, page 511.) 

sin /E s IJl II 389.8 

sin /IiEsIl = 0.444 sin (180°- 3° 51') = 0.444 X 0.06714 = 0.02983. 
- 1° 43'. 

If the power-factor of //, is 0.72, then a — arc cos 0.72 =* 43° 57', 
a, - 43° 57' - 1° 43' = 42° 14', and a, = 42° 14' + 3° 61' - 46* 5'. 

* The expression “ arc cos ” means “ the angle the cosine of which 
is.” 
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Power-factor of load on A is cos 42° 14' — 0.7404. 

Power-factor of load on C is cos 46° 5' 0.6936. 

/yEsEp - /EoE s h - [wn - 75° 49' - 42° 14' - 33° 35'. 

om - OEs 4- E s eI + 2 X X X cos 33° 35'. 

(See First Course, page 509.) 
But OEq = secondary voltage at zero load; let us assume it to 
be 2300 volts. 

Also, E S E 0 = z\I\ * 2.20 per cent of 2300 volts when A is carry- 
ing full load 
= 50.6 volts. 

Then 2300* = OE% + 506* + 2 X 50.6 X 0.833 X OE s 
or OE% + 84.3 X OE s - 5,287,440 = 0. 

Whence 

„„ -84.3 ± >/ (84.3) 2 + (4 X 1 X 5,287,440) -84.3 ±4600 

OEs 23TI 2 

OE s = 2257.8 volts. 

Kv-a. output of A = 217 X 2257.8 - 4 - 1000 = 490.0. 

Kv-a. output of (7 = 173 X 2257.8 - 4 - 1000 - 390.6. 

Kw. output of A = 490 X 0.7404 = 363.0 = P A . 

Kw. output of C - 390.6 X 0.6936 = 271.0 = P c . 

rhpck 1 P A + Pc - 363.0 + 271.0 = 634 kw. 
onecK | = 3g9 8 x 2257.8 X 0.72 - 634 kw. 

If we assume that the secondary terminal voltage is to be 2300 
at full load, with the same pressure of 6600 impressed upon the 
primary, we shall require a different ratio of turns in the trans- 
former. Now, OEs — 2300 and OE 0 becomes the unknown e.m.f. 
to be determined from the trigonometrical relations. Thus: 

OEl = 2300* + 5(0? + 2 X 2300 X 50.6 X 0.833, 
whence OE 0 — 2345 volts. Then: 

N H 6600 6600 _ 

N l OEq 2345 

Therefore, at zero load the secondary terminal voltage becomes 


6600 

2.814 


2345 volts, 


as zl then reduces practically to zero. 
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In this case the voltage regulation of the bank of transformers is 


2345 - 2300 
2300 


1.95 per cent. 


In the other case, the voltage regulation of the bank was 


2300 - 2257.8 
2257~8 


1.87 per cent. 


It should be evident from this example that such problems 
cannot be solved graphically with necessary accuracy. The 
vector diagram serves only as a basis for the trigonometric 
calculations as used above. The treatment is easily extended 
to include any given number of transformers in parallel. 

Prob. 18-4. By study of Fig. 113 state in clear English what 
relation of impedances and of equivalent resistances and reactances 
of the two transformers A and C would cause the maximum differ- 
ence to exist between the total kv-a. necessary rating of the trans- 
formers, and the kv-a. supplied to the secondary mains. The total 
transformer capacity required is then what percentage of the kv-a. 
load on mains? 

Prob. 18-4. In Electric Journal, May, 1909, an author states, 
with regard to two transformers in parallel, that if the reactance of 
neither transformer is more than 4 times its resistance nor less than 
1 times its resistance, then the current or kv-a. capacity required 
per transformer docs not exceed by more than 4 per cent that which 
would be necessary if this ratio (x/r) were the same in both trans- 
formers. Prove either that this statement is correct or that it is 
incorrect. Is it true if both transformers have the same per cent 
impedance? 

Prob. 20-4. If the total load on the two transformers of Ex- 
ample 2 is non-inductive and of such value that C delivers its rated 
current, calculate: 

(а) Power-factor of current delivered by A; 

(б) Power-factor of load on C; 

(c) Volts between secondary mains. 

Prob. 21-4. What will be the kv-a. delivered by each of the 
three transformers of Example 1 when the total kv-a. load on the 
secondary mains is equal to the arithmetical sum of the several 
capacities — namely, 1750 kv-a.? 

Prob. 22-4. Considered simply as an equivalent group of 
parallel impedances, what is the total equivalent impedance, in 
ohms, of the three transformers of Example 1? 
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Prob. 23-4. If no transformer can be permitted to carry a greater 
overload than 25 per cent, calculate the greatest load in kilowatts 
at 80 per cent power-factor that can be taken from the secondary 
mains of Example 1. 

54. Autotransformers. Consider a wire wound into a 
continuous coil of Nh turns, on an iron core, as between A 
and B in Fig. 114. We impress an alternating e.m.f. of Eu 



Fig. 114. Diagram of a step-down autotransformer. The low- 
tension coil is a part of the high-tension coil. 

volts across AB; this causes an exciting current to flow in 
AB which produces an alternating flux in the core. If we 
assume the magnetic system to be perfect, so that there is no 
leakage of flux out of the core, the same flux will link with 
every one of the N // turns, and the e.m.f. thereby induced in 
every individual turn will be of the same value and in the 
same direction. If the copper circuit is well designed the 
resistance drop will be negligible in comparison with the 
applied e.m.f. or the induced counter e.m.f. ; in the ideal case 
we assume that the counter e.m.f. is equal to the applied 
e.m.f. Therefore, across each individual turn we shall have 
(E a /N H ) volts. 

Now suppose we connect a load circuit to any two taps XY 
on this coil, between which there are N L turns. As each turn 
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has ( E h /Nh ) volts across it and all these e.m.f. *s are in phase 
with one another, the total e.m.f. across XY is 

E H (^*)- That “i i 11 general, g™ “ The relative 

polarity of the high-tension and low-tension sides is indicated 
according to the A.I.E.E. rule; the external e.m.f. from X 
toward Y reaches its maximum value at the same instant 
that the external e.m.f. from A toward B reaches its maximum 
value. 

Figure 115 illustrates a step-up auto transformer, as dis- 
tinguished from Fig. 114, which is a step-down autotrans- 



Fia. 115. A step-up autotransformer. The voltage between any two 
taps is the sum of the voltage across all the turns between the taps. 


former. In Fig. 115, we impress E L volts upon AT*, turns, 
which causes an e.m.f. of ( E l /Nl ) volts to be induced in each 
turn of the entire coil, which has altogether Nh turns, Nn 


being larger than Nl • The total e.m.f. between A and B, 
which includes N H turns, is, therefore, equal to X NhJ 

or 0^? X ElJ volts. Some minds may inquire how the in- 
duced e.m.f. between Y and B (Fig. 115) adds itself to the 


impressed e.m.f. between X and Y } to produce the total e.m.f. 
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(Nh/Nl) El between A and B. Let us assume that at some 
chosen instant of time the direction of the impressed e.m.f. 
is toward the coil at Y and away from it at X , as indicated by 
the arrowheads on the primary mains. Then the counter 
e.m.f. induced in coil XF at this instant has a value of El 
volts and direction as shown by the dotted arrow pointed 
vertically upward from A. The induced e.m.f. between Y 
and B has a similar direction (from Y toward B as shown 

also by dotted arrow), and a value of (N H — Nl) (J^) or 

(~^JY~^)El volts. It is easily seen that the induced 

e.m.f. Y to B is in additive series with the impressed e.m.f. be- 
tween Y and X, and, as it is also in phase with the latter, the 

total e.m.f. between A and B is equal to E L + El 

or El volts. An autotransformer, therefore, differs 

from the regular transformer only in that the primary and 
secondary coils are in series, or rather, that one of these is a 
part of the other. 

We may economize material and improve the operating 
characteristics of the autotransformer by calculating the 
relation between the currents which flow in the coils and 
proportioning the size of the wire thereto. For convenience, 
let us neglect the small exciting current that flows in the 
primary section which is connected to the source of power, 
and study only the currents due to load. Thus, in Fig. 115, 
let us draw 10 amperes current from the secondary AB to a 
load circuit, and assume constants as follows : f 
N h = 2000. N l = 200. El = 220. E u = 220 X (Vtftf ) = 2200. 
Now, 10 amperes drawn from BA will flow through the turns 
from Y to B in the direction shown by the arrows, which is 
the direction of the total e.m.f. acting to produce this current. 
The m.m.f. acting on the magnetic circuit due to this current 
of 10 amperes is la ( Nh — Nl) or 10 (2000 — 200) equals 
18,000 ampere-turns. This m.m.f. tends to decrease the flux 



228 


ALTERNATING-CURRENT ELECTRICITY 


due to the exciting current, which flows in the primary coil 

from Y to X in the direction of the arrowheads marked on 

the turns. To maintain the primary counter e.m.f. equal 

(approximately) to the impressed e.m.f. E L requires the 

same flux; therefore, a load current will flow from the primary 

mains in the same (marked) direction as the exciting current. 

Enough load current will flow from Y to X to produce a 

m.m.f. equal and opposite to that due to the secondary 

load current, or 18,000 ampere turns. The amount of load 

current in the primary coil XY will, therefore, be II — 

In(Nn-N L ) 18,000 m .... , ™ 

- " — , or — 90 amperes m this example. The 

l i&UO 

distribution of load currents will then be as shown in Fig. 116 
and we have: 

Input to primary XY = 100 amp. at 220 volts 
= 22,000 volt-amperes. 

Output from secondary AB = 10 amp. at 2200 volts 

= 22,000 volt-amperes. 


For reasons explained in Art. 35, the power-factor of this 
input will be equal to that of the output. The actual current 
flowing in XY will be the vector sum of the load component 
(90 amperes in this case) and the exciting current which is 
practically unchanged at all loads. 

Inasmuch as the current in XF of Fig. 115 and 116 is 90 
amperes when the current in YB is 10 amperes, it would be 
folly to use the same size of wire in all turns of the auto- 
transformer. To preserve a uniform current density in all 
parts of the copper circuit, the conductor from X to Y should 
have 9 times as much cross-sectional area (circular-mils) 
as the conductor from Y to B. Obviously, this ratio will 


depend upon the ratio of voltages; in fact, it will be 
j~ = — - . Particularly when the pressure is to be 

changed only slightly, the autotransformer is very much 


more economical of material, and therefore cheaper, than the 


ordinary transformer. This is illustrated by Prob. 27—4. 
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It is instructive to check further our knowledge of these 
relations by considering the results of reversing the connec- 
tions of that section of the winding between Y and B in Fig. 
116. The new relations 
are indicated in Fig. 117, 
from which we see that 
we must put in 80 amperes 
at 220 volts, or 17,600 
volt-amperes, when we 
take out 10 amperes at 
1760 volts, or 17,600 volt- 
amperes. In this case the 
section YB “bucks” the 
section AT, and the volt- 
age across AB is equal 
to the difference between 
the voltages YB and XY, instead of their sum as in the pre- 
vious example. 

If we were to use the same size copper in all turns of Fig. 



tribution of the load currents in an 
autotxansf or mer. 



Fig. 117. The autotransformcr of Fig. 116, with the winding between 
taps Y and B reversed. 

115 or 116 we should either waste the carrying capacity of 
one coil or burn the insulation of the other, except when the 
ratio of transformation is 1:2. If all the wire were heavy 
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enough to carry the low-tension current without injury to its 
insulation t the copper in YB would be underloaded and used 
to poor advantage; and if all the copper were just heavy 
enough to carry rated secondary current, the low-tension 
section would be burned out. 

Note: In the following problems Hi and Ha are the high-tension line 
wires and Li and La are the low-tension mains. 

Prob, 24-4. An ordinary distributing transformer rated 10 
kv-a., 2200-1100/220-110 volts, 60 cycles, has two low-tension 
coils X\Yi and X 2 Y 2 and two high-tension coils AiBi and A 2 B 2 . 
Calculate the rated (effective) full-load values of the following: 

(a) Amperes per coil, high-tension, (6) Amperes per coil, low-tension, 
(c) Volts per coil, high-tension, (d) Volts per coil, low-tension. 

Prob. 25-4. The transformer of Prob. 24 is connected as fol- 
lows: Aitol/i; B\toA 2 ) B 2 to X x and L x ; Y x to X 2 ; Y 2 to L 2 and 
H 2 . Calculate the values of the following quantities, when core flux 
has the same value as in Prob. 24: 

(a) Volts between high-tension mains, H x and H 2 . 

( b ) Volts between low-tension mains, L x and L 2 . 

(c) Largest current that can be delivered to low-tension mains 
without injuring any coil in the transformer. 

( d ) Current taken from high-tension line corresponding to (c). 

(e) Current in each low-tension coil corresponding to (c). 

(/) Current in each high-tension coil corresponding to (c). 

(g) Largest kv-a. rating of the autotransformer with these con- 
nections. 

Prob. 25-4. The transformer of Prob. 24 is connected as fol- 
lows: Ai to Hi; B L to A 2 ; B 2 to X x , X 2 and L x \ Yi and Y 2 to L 2 
and H 2 . Answer the questions of Prob. 25, assuming the same core 
flux. Docs this connection make the best use of materials? 

Prob. 27-4. An autotransformer is designed economically to. 
take 10 kv-a. from 2200-volt mains and deliver it at a pressure 
10 per cent higher. If the “ low-tension ” coil were to be cut 
apart from the other coil, what would be the proper rating (volts 
and kv-a.) of the straight transformer so formed? 

Prob. 28-4. A person standing on wet earth and touching the 
secondary circuit of the transformer of Prob. 24-4, would receive 
what voltage between contacts, under the following conditions? 

. A x is connected to H x ; BitoA 2 ; B t to H 2 ; XitoLi; YitoX 2 ; Y 2 
to I*. 
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(a) Hi grounded; hand touching L\. 

(b) Hi grounded; hand touching I*. 

(c) Hi grounded; hand touching Li. 

(d) Hi grounded; hand touching L%. 

Prob. 29 - 4 . A person standing on wet earth and touching the 
secondary circuit of the transformer of Prob. 24-4 would receive what 
voltage between contacts when the transformer is used as an auto- 
transformer at normal flux density under the following conditions? 

A\UyHi\ B\ to A 3 ; B 2 to X\ and L \ ; Yi to X 2 ; Y 2 to L% and H 2 . 

(а) Hi grounded; hand touching L\. 

(б) Hi grounded; hand touching L 2 . 

(c) Hi grounded; hand touching L\. 

(d) Hi grounded; hand touching L 2 . 

Compare these results from the autotransformer arrangement 
with the corresponding results in Prob. 28 for the ordinary trans- 
former arrangement, noting that the ratio of primary to secondary 
volts is nearly the same in both cases; and on this basis discuss 
relative merits of the two arrangements as regards the personal 
safety of the energy consumer and the fire risk. 

55. Transformers for Polyphase Systems. Under this 
general heading we must distinguish several different prob- 
lems, as follows: 

(а) Transformation from 3 phases at a given voltage into 

the same number of phases at some other voltage. 

(б) Transformation from 3 phases at a given voltage into 

a different number of phases at the same voltage. 

(c) Transformation from 2 or 3 phases at a given voltage 

into a different number of phases at a different 
voltage. 

( d ) Polyphase transforming systems which cannot be 

operated in parallel. 

( e ) Systems in which all phases are housed in a single 

“polyphase transformer” as distinguished from 
polyphase transforming systems consisting of aggre- 
gates of separate single-phase transformers. 

Before proceeding to connect any transformers in polyphase 
systems, it is practically necessary to determine carefully and 
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to mark according to a fixed conventional system (such 
as prescribed by the A.I.E.E. Standardization Rules) the 
relative polarity of the high-tension and low-tension coils 
belonging to each of the phases. Thereafter the interconnec- 
tions of both high-tension and low-tension sides are com- 
paratively simple. 

66. Transformer Arrangements for Three Phases. In 

the most common case, three separate, but similar, single- 
phase transformers are used to change three-phase at one 
voltage into three-phase at another voltage. Four distinct 
combinations are possible: 

(a) High-tension coils F-connected ; low-tension coils 

F-connected. 

( b ) High-tension coils F-connected; low-tension coils A- 

connected. 

(c) High-tension coils A-connected; low-tension coils F- 

connected. 

(d) High-tension coils A-connected; low-tension coils A- 

connected. 

Let us assume, for example, that the highest operating 
voltage that will not injure the insulation of the transformer 
or make its core losses excessive is 12,000 volts on the high- 
tension coil and 60(H) volts on the low-tension coil of each of 
the three distinct single-phase transformers which are to be 
grouped together in a three-phase system, as indicated above. 
Fig. 118 shows the phase relations among all of the coils. 
Thus, the c.m.f. from X\ towards Fi (6000 volts) is in phase 
with the e.m.f. from A v towards Bi (12,000 volts), because 
both of these coils arc on the same iron core in transformer 
No. 1 or phase No. 1 ; X 2 Y 2 and A 2 B 2 are correspondingly in 
phase with each other, and lagging 120° behind XiY\ and 
A\Bi ; X 3 F 3 and A 3 B 3 are correspondingly in phase with each 
other, and lagging 120° behind X 2 Y 2 and A 2 B 2 . Note that in 
Figs. 118a and 118b no connections have yet been made 
between coils. 
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Fig. 118 . Vector diagrams showing the relations between the high- 
tension and low-tension sides of three single-phase transformers con- 
nected independently to the various phases of a three-phase source of 
supply. The vector X\ T x represents the low-tension e.m.f. of trans- 
former No. 1. The c.in.f. of the high-tension side of this transformer 
is represented by vector A Jit. 



Fig. 119. Diagram of the YY connection. The high-tension termi- 
nals marked A are joined to form a neutral, and the corresponding 
low-tension terminals marked X are joined to form the neutral on the 
low-tension side. 
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The YY connection is shown in Fig. 119, while Fig. 120a 
shows the e.m.f. relations in the high-tension coils, and Fig. 
120b shows the e.m.f. relations in the low-tension coils. No- 
tice that in the vector diagrams, as well as in the connection 
rliagra.ma, the letters indicate or identify the ends of coils as 
well as the relative directions of e.m.f. ’s or the polarity of coils. 



Fig. 120. The vector diagrams for the YY connection shown in 
Fig. 119. 


From Fig. 120 we can see that the largest permissible operating 
voltages between line wires are V3X A\B\ — X 12,000 
= 20,800 volts high-tension and V3 X 6000 = 10,400 volts 
low-tension. The high-tension line wires are H\H%Hz\ the 
low-tension mains are L 1 L 2 L 3 , in Fig. 119. 

The Y (high-tension) A (low-tension) connections are 
shown in Fig. 121, while Fig. 122 shows the corresponding 
e.m.f. relations. Using the same transformers, the highest 
permissible operating voltage between line wires is V3 X 
12,000 — 20,800 volts high-tension, and 6000 volts low- 
tension. 
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Fig. 121. The FA connection. 
The high-tension sides are con- 
nected Y and the low-tension 
sides, A. 



Fig. 123. The AF connection. 
The high-tension sides are con- 
nected A and the low-tension, 
Y. 



Fig. 122. The vector diagrams for the e.m.f. relations in the FA con- 
nections of Fig. 121. 







TRANSFORMERS . POLYPHASE CONNECTIONS 237 


The AY connections are shown in Fig. 123, and Fig. 124 
shows the corresponding e.rn.f. relations. With the same 
transformers, the highest permissible operating voltage be- 
tween line wires is 12,000 volts high-tension and V3X 
6000 = 10,400 volts low-tension. 

The A A connections arc shown in Fig. 125, and Fig. 126 
shows the corresponding e.rn.f. relations. With the same 
transformers, the highest permissible operating voltage be- 
tween line wires is 12,000 volts high-tension, and 6000 volts 
low- tension. 

Prob. 30-4. (a) What should be the rated high-tension and 

low-tension voltage, and the voltage ratio, in each of three single- 
phase transformers intended to take power from a three-phase line 
with 23,000 volts between wires, and deliver it to three-phase low- 
tension mains with 2300 volts between wires? Transformers are 
connected FA. 

(6) If 500 kv-a. are to be delivered altogether, what will be the 
current in each line wire and each transformer coil on the high- 
tension side? 

(c) On the low-tension side? 

Prob. 31-4. Answer the questions of Prob. 30 on the basis of 
same conditions, except that transformers are connected A Y. 

Prob. 32-4. Answer the questions of Prob. 30 on the basis of 
the same conditions except that transformers are connected YY. 

Prob. 33-4. Answer the questions of Prob. 30 on the basis of 
same conditions, except that transformers are connected AA. 

57. Transforming Three Phases to Six Phases. The 

three-phase three-wire system is used, almost exclusively, to 
transmit large amounts of power by alternating currents. 
When the alternating current must be converted into direct- 
or continuous-current by means of synchronous converters, 
however, we find that a machine of given size and cost can 
convert a considerably greater amount of power if it is tapped 
for six phases and six alternating-current collecting rings 
than if it is tapped for three phases and three rings. In fact, 
it is demonstrated theoretically in Chapter IX, and proved 
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by experience, that whereas a three-ring (three-phase) con- 
verter can safely deliver 134 per cent as much direct-current 
power as it could deliver if mechanically driven as an ordi- 
nary direct-current generator, the same machine t&pped for 
six phases gives a corresponding ratio of 197 per cent. In 
other words, the capacity of the same converter is increased 
in the ratio 197/134, or 147 : 100, by tapping it for six phases 
instead of for three phases. These figures are based upon a 
power-factor of 100 per cent, which is usually easily main- 
tained by adjustment of the field excitation of the converter. 

Thus, although the transmission of- power by six phases and 
six line wires is not practiced because of the complications and 
the lack of economic advantage, there exists a very real ad- 
vantage in using six phases within the converter substation. 
Converters are most commonly employed to deliver continu- 
ous current at about 600 volts for street or interurban electric 
railways. The ratio of (effective) alternating voltage be- 
tween adjacent or consecutive collecting rings, to the voltage 
between the positive and the negative terminals on the direct- 

current side, is ~~~ for the three-ring converter and for 

the six-ring converter (see Art. 126). Thus, to deliver 600 
volts at the direct-current terminals we should impress (0.612 
X 600) or 367 volts between consecutive rings of a three- 
phase converter, and 212 volts between consecutive rings of a 
six-phase converter. As the three-phase transmission line 
usually operates at from 2300 to 23,000 volts between line 
wires, we must use regular alternating-current transformers 
to step down the pressure of the alternating current before 
it enters the converter. Obviously it would be most con- 
venient, if possible, to arrange the transformer connections 
so as to change the number of phases at the same time, that 
we change the pressure. In this article these special trans- 
former connections are discussed from the viewpoint of the 
transformer. For a discussion of the same subject from the 
converter viewpoint see Art. 128. 
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The fundamental six-phase groupings are star and mesh, 
'corresponding to the Y and A groupings for three phases* 
Thus, in Fig. 127, the vectors 1, 2, 3, 4, 5, 6 represent six 
different coils connected in star. The inherent phase rela- 
tions between the e.m.f.’s in these coils, and the choice of 
which end of each coil is to be connected to the common 
neutral point, are such that e.m.f. No. 1 reaches its maxi- 
mum value in the direction away from N (neutral) just 60° 
before No. 2 reaches its maximum value in the direction away 
from N; No. 2 reaches its maximum value just 60° before 
No. 3, No. 3 just 60° before No. 4, and so on, the e.m.f. ’s being 
all equal in value and the phase differences between consecu- 
tive phases or coils being all of equal value and progressively 
leading or lagging, on the basis of similar positive direction 
with respect to neutral. From the six coils we now have 
seven terminals, of which one (JV) is common to all and is 
called “neutral” because it exhibits the same potential 
difference with respect to each of the other six terminals. 
These other six terminals are connected to the six-phase line 
wires L x , L*, L 3 , La, L b , La, or to the rings of the synchronous 
converter, in proper sequence. The e.m.f. from L x to Lv is 
equal in value to the e.m.f. from L* to L 3 and lagging 60° 
behind it; the e.m.f. from Li to L 3 is equal in value to the 
e.m.f. from L 3 to La and lagging 60° behind it, and so forth. 
Also, the e.m.f. between any two consecutive line wires, as 
L\L% or LJL 3 , is equal in value to the e.m.f. between any line 
wire and neutral, as NL\ or NL 2 . If vector diagrams be 
drawn to prove these statements, it should be remembered 
that (for instance) the e.m.f. acting from L x toward Z* in the 
external circuit is represented by vector No. 1 minus vector 
No. 2, or by vector No. 1 plus vector No. 2 reversed; or that 
the e.m.f. acting from L x toward L 2 in the internal circuit of 
phases is represented by vector No. 2 minus vector No. 1, or 
by vector No. 2 plus vector No. 1 reversed. Thus, vector 
NLa represents not only the e.m.f. in coil No. 6 but also the 
e.m.f. from L x toward L 2 through the external circuit, and 
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vector NL\ represents not only the e.m.f. in coil No. 1 but also 
the e.m.f. from L 2 toward L 3 through the external circuit. 

The typical six-phase mesh connection is described vec- 
torially by Fig. 128. Thus, with respect to a positive direc- 
tion which is the same for all coils through the closed series 
in which they are connected, the e.m.f. of coil No. 2 is equal 
to the e.m.f. of coil No. 1 and leads it by 60°; the e.m.f. of 
coil No. 3 is equal to that of coil No. 2 and leads it by 60°, 
and so on. It is evident that the e.m.f .'s between consecutive 
line wires, as L\L* or L 2 L 3 , being identical with the corre- 



Fig. 127. Vector diagram of the 
e.m.f. relations in a six-phase 
star connection. 



Fig. 128. Vector diagram of the 
e.m.f. relations in a six-phase 
mesh connection. 


spending e.m.f. 's across consecutive coils, as No. 2 or No. 3, 
bear also corresponding relations to each other, as regards 
both value and phase. 

Regarding Fig. 127 and 128, we note that e.m.f. 's No. 1 
and No. 4 reach their maximum values at the same instant 
(though in opposite directions with respect to the common 
neutral point or with respect to the common positive direction 
through the mesh). In reality, therefore, there are only three 
different phases in the six-phase system, and the difference 
between the systems is merely due to arrangement. If, as 
in Fig. 129, we divide each of three phases into two equal 
parts and distinguish by corresponding letters the terminals 
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having similar relative polarity, wc shall get a correct six- 
phase star by connecting X Xj X 3 , X r >, F 4 , F e , F 2 all to neutral. 
Then the six phases of the external circuit will be, in the 



Via. 129. Vector diagram for the low-tension coils of three transformers 
on a three-phase circuit, each coil being divided into two equal 
parts. 



Another vector representation of the e.m.f. relations in a six-phase star, 
produced by the coil arrangement of Fig. 129. 

order given, from Y x to X 2 , from X 2 to F 3 , from F s to X\, 
from Xa to F b , from F B to and from X « to Y x . 

Perhaps this result is more clearly explained in Fig. 130 
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and 131. Connecting Xi to X* to X 6 to neutral, the e.m.f. 
relations are as represented by vectors 1, 3 and 5 in Fig. 130. 
Now as coil No. 4 is on the same transformer core with coil 
No. 1, the e.m.f. from X \ toward Y 4 is represented by the 
same identical vector which represents the e.m.f. from Xi 
toward Y x ; the e.m.f. X* to Y 6 and the e.m.f. X 3 to Y z are 
represented by the same vector, and so on. But if the e.m.f. 
X* to Yi is represented, as in Fig. 131, by the vector 4' 
parallel to vector 1 of Fig. 130, it follows that the e.m.f. from 
Yi toward is represented, as in Fig. 131, by the vector 4 
which is equal and opposite to vector 
4'. That is, if e.m.f. X 4 to Y 4 reaches 
its maximum value at the same in- 
stant as e.m.f. Xi to Yi, then e.m.f. 
Y 4 to Xi reaches' its maximum value 
180° before or after e.m.f. X x to Y x . 
Therefore, when we connect F 4 , Y 2 
and Ya to the same neutral as X\, X 3 
and Xi, it is as though we drew the 
vectors 4, 6 and 2 of Fig. 131 between 
the vectors 1, 3 and 5 of Fig. 130, 
making a diagram like Fig. 127. 
That is, with respect to positive 
directions which are in all cases 
chosen to be outward from neutral 
CX\ to Yi, Y 2 to X 2 , X 3 to Y 3j Y 4 to 
Xi, Xi to Y h , Yi to Xq) these e.m.f. ’s arc consecutively 60° 
apart in the order named. If we had connected all X 
terminals to neutral, the e.m.f. relations would have been 
as described by Fig. 132, which tells us that the line e.m.f.’s 
Yi to Yi, Y 3 to Yi, and Y 2 to Y b would all be equal to zero, 
and we could distinguish only three instead of six line 
e.m.f/s. 



Fia. 132. If all the X 
terminals of the trans- 
former coils of Fig. 129 
were connected to neu- 
tral, only a three-phase 
arrangement would re- 
sult. 


Fig. 133 shows the transformer connections corresponding 
to Fig. 127, or to Fig. 130 and 131. There are three distinct 
transformers, each having two low-tension coils. The six- 
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phase low-tension line e.m.f.’s L\ to L*, L® to L*, Ls to La, 
La to Lb, Lb to La and L 6 to L% are equal to each other in value, 
and each lags behind the preceding one by 60°. 

Fig. 134 shows the transformer connections corresponding 
to Fig. 128, namely the six-phase mesh. We first select one 
coil of each transformer and mark it 1, 3, 5, respectively. 
The other coil of each transformer we mark 4, 6, 2, respec- 
tively, in accordance with 

the preceding vector dia- — 

grams. Let the relative \ j l i X 1 , hi. 

polarity of the two low- j! — 

tension coils in each trans- h, bJI cl_&* n 

former be denoted in the ' | 

conventional manner by g—fTH 0 Jp 

letters X and Y , and let | \\ y* I L ., 

us consider the direction | 1! ^ 4 u 

from X toward Y as the h 3 g b J!) j i v? m | 

positive direction in each ^ £ 

coil. Starting at Xi or S, f o-^r~] 0 ® 

and tracing our way con- I i UlJ u 

tinuously through the h ^ l« 

series of coils, we pass bJI \ \ 

consecutively through coil * 

tvt i -\t_ o 133. Transformer connections to 

No. 1 positively No. 2 produce the c . tn . f . effecta of Fig . 127> 

negatively, No. 3 posi- 130 and 131. Six-phase star. 

tively, No. 4 negatively, 

No. 5 positively, and No. 6 negatively. We have, therefore, 
obeyed the injunctions of Fig. 128 by passing through coils 1, 
3 and 5 in direction parallel to the corresponding vectors in 
Fig. 129, and intermediately through coils 2, 4 and 6, in direc- 
tion opposite to the corresponding vectors in Fig. 129. If we 
have made no errors we will find that the e.m.f. between 
the finishing end of the series (marked X 6 or F in Fig. 134) 
and the starting end (marked Xi or S) is zero, and we may 
therefore with safety connect X$ to X\, or F to S, thus com- 
pleting the closed mesh. The junction points FiFj, X%Xz, 
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Y 9 Ya, X A X hi Y*Y* and X&Xi are connected to the six-phase 
line wires Li, L 2 , L z , L 4 , L 6 and L 6 , respectively. 

If any appreciable voltage exists between the terminals 
F and S in Fig. 134, they should not be connected together, 
because then this voltage would cause a current to circulate 
in the mesh even when no load is connected externally, which 



Fig. 134. Transformer connections for producing the six-phase mesh 
effect shown in Fig. 128. 

would at least reduce seriously the load capacity of the trans- 
formers and might injure them. Such resultant voltage may 
be due to unequal ratios in the transformers, or to irregular 
wave-forms in the various coils even if the effective voltages 
are equal. However, if no voltage exists between the ter- 
minals F and S, it does not necessarily prove that the con- 
nections are correct or that a six-phase system may be 
obtained from the mesh even though it is safe to complete 
the mesh. Thus, Fig. 135 and 136 both show safe series 
connections between these same six coils (which, if joined in 
proper polarity and sequence, would give a correct six-phase 
system). It is manifestly impossible to get six phases or 
e.m.f.’s equal in value and 60° apart between consecutive 
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pairs of secondary mains connected to the junction points of 
coils in Fig. 135 and 136, regardless of how we number these 
mains or junction points; yet the resultant e.m.f. between F 
and 8 is zero in both cases. In checking six-phase connec- 
tions, we should find that the e.m.f. from any terminal to 
another, removed by one, should be equal to V3 times the 


F 

Fig. 135. Fig. 136. 

Vector diagrams to show that the transformer coils of Fig. 133 and 134 
can be so connected as to produce zero voltage between S and F and 
still not produce a six-phase mesh connection. 

e.m.f. between consecutive terminals; and the e.m.f. from 
any terminal to another, removed by two, should be equal to 
2 times the e.m.f. between consecutive terminals. 

Fig. 137 shows transformer secondaries connected in six- 
phase star to the collecting rings of a six-phase two-pole 
synchronous converter, these rings being tapped to the closed 
armature winding at Li, L*, L 3 , L 4 , L 5 , L*. This six-phase 
star is exactly equivalent to that shown in Fig. 133 and 127, 
and differs only in that each numbered vector of Fig. 127 or 
each coil e.m.f. in Fig. 133 has been thrown into exactly 
opposite phase relation with respect to neutral. If we break 
the (dotted) neutral connection in Fig. 137 it will make no 
difference in the operation of the system. We shall then 
have three equal e.m.f.’s (Y 2 to X 5 , Yu to X 3 , Y 4 to XO each 
lagging 120° behind the one preceding, impressed across three 
corresponding pairs of rings or taps ( LJL &, L 6 L 3 , L 4 L\ 7 re- 
spectively) on the converter. It should be clear, from Chap. 
VII of the First Course, that the e.m.f.'s induced in the con- 
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verter winding from L& to from Ls to L 3 and from Z/4 to Li 
are equal in value and 120° apart consecutively with respect 
to these positive directions. The system of Fig. 137, without 
the neutral, is known as the “ diametral connection.” 

It is necessary to note that the stability of the diametral 
six-phase (like Fig. 137 with neutral connection broken) is 



Fig. 137. The six-ph:tsc star connection used to operate a six-phase 
converter. When no connection is made to neutral, this arrangement 
is called the “diametral ” or diametrical connection. 


due entirely to the six-phase converter to which it is con- 
nected. The e.m.f.’s Z/1Z/2 and Z/2L3 induced in the converter 
winding act as links to keep the 7^ end of vector I^L b in its 
proper position with respect to Li and L 3 . Thus, it can be 
readily seen that if all connections between transformers and 
collecting rings were broken, there would only be three 
e.m.f.’s (120° apart) obtainable, namely Y 2 X b , YsX 3 and 
Y 4 X 1 , because these three coils are insulated from each other. 
Only when these c.m.f.’s are held in a certain relation with 
respect to each other by some additional means, like the 
converter itself or the neutral connection, do we have six- 
phase from them. 

The diametral is one of the two most common six-phase 
connections, the other being the double-delta shown in Fig. 
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138a. Study of the Vector diagram in Fig. 138b should 
explain the system. Notice that the six phases ( L\ to Z*, L% 
to *Lz, Ls to La, etc.) are obtained on account of a certain 
relative position of two three-phase deltas ( Y x X z to Y*X b to 
YtX i, and X2F4 to Xa F« to X B Y 2 ). This relative position is 
maintained by reason of the c.m.f.’s induced in the converter 
windings, acting as links of certain length and angular rela- 
tion to keep the apices of the two deltas in proper relation to 



( b ) 

Fia. 138. The dotible-delta connection of three transformers for use 
with a six-ring converter. 


each other. In Fig. 138b notice that vector X4F4 is equal to 
vector X 1 Y 1 and in phase with it as it should be on account 
of the symmetry of the two similar portions of armature 
winding subtended by these two vectors under opposite poles 
of the converter. So it is also with vectors X b Y h and X%Y*, 
and with vectors X B Y B and X 3 F 3 . 

Thus, if we pick out coils 1, 3 and 5 to form one three-phase 
delta (joining Y x to X 3 , F 3 to X b , and Y b to Xi, as described 
in Art. 56), it follows that coils 2, 4 and 6 must form the other 
delta. Now we might connect F 4 to X 6 , F* to X 2 and F 2 to 
X 4 , but this would give us a delta practically identical with 
that composed of transformer coils 1, 3 and 5 and we could get 
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only three phases, not six. So we have connected coils 2, 4 
and 6 in the only other way which will permit a closed delta, 
and it is seen that this arrangement gives us six phases if the 
apices of the delta are held in proper relative position. 

It would be impossible to get six phases before connecting 
both deltas to the converter, because they are otherwise 



Fio. 139. Diagram showing the o.m.f.’s produced by incorrect con- 
nections in an attempt to produce a double-delta arrangement. 

electrically insulated from each other. We may connect 
delta 1, 3, 5 to any three alternate rings as L u L 3 , L 5 . This 
done, there is only one proper way to connect the other delta 
to the remaining three rings, as shown in Fig. 138b. Thus, 
if we were to connect the X 6 Y 2 terminal instead of the X 2 Y\ 
terminal to ring L 2 , we should have the e.m.f. relations 
illustrated by vector triangles A and C in Fig. 139. If we 
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were to connect the X\Y* terminal instead of the X 2 F 4 ter- 
minal to Z?, we should have relations as shown between 
triangles B and C in Fig. 139. In neither of these latter 
cases would there be zero e.m.f. from either of the rings L\ or 
Le to any of the transformer points X 4 F 6 , X 6 F 2 or X 2 F 4 , 
hence a short-circuit would be formed if we attempted to 
complete the six-phase connections to the converter. 

Note. In solving the following problems, assume the relations be- 
tween effective values of alternating e.m.f. between collecting rings on 
the converter to be as follows (referring to Fig. 137 or 138) : 

Volts L 1 L 2 : volts LiL s : volts LiL 4 : volts between d-c. terminals = 
35.4 : 61.2 : 70.7 : 100. (See Art. 126.) 

Prob. 34-4. What should bo the voltage across each high- 
tension coil and each low-tension coil in a bank of three single-phase 
transformers connected in Y to a 23,(XX)-volt high-tension line, 
secondaries star as in Fig. 133 and 127 to a six-ring converter in- 
tended to deliver 500 volts d-c., at zero load? 

Prob. 35-4. Solve Pro)). 34 with secondaries connected in mesh 
as illustrated by Fig. 128 and 134. 

Prob. 36-4. Specify what connections to make between the 
secondary coils of the transformers in Fig. 133 and 134, in order to 
realize the vector relations shown in Fig. 135. 

Prob. 37-4. Solve Prob. 3G but with reference to the vector 
diagram of Fig. 136. 

Prob. 38-4. Draw the vector diagram corresponding to the 
following connections between secondaries of the transformers of 
Fig. 133 or 134: Y± to Y 2 , X 2 to X 3 , Y 8 to F«, X « to X 6 , F 6 to F 4 . 
Calculate the ratio of the voltage between Y x and each of the junc- 
tion points in the series, to the voltage across a single coil. 

68. Transforming Two-Phase to Three-Phase. There 
have been numerous occasions to notice that when two coils 
having e.m.f. ’s that differ in phase are joined in series, the 
resultant e.m.f. between the terminals of the series differs in 
phase from both of the component e.m.f. 's. This fact is the 
basis of the T-connection for transforming two-phase to 
three-phase, commonly called the Scott system in recognition 
of its inventor. 
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In Fig. 140, the coil ab represents an autotransformer or 
the secondary of an ordinary transformer,, with a tap c 
brought out from its mid-point. The coil cd represents 
another transformer secondary or autotransformer, with one 
end connected to the mid-point c of the other transformer, 
and a tap brought out at e so as to include between c and e a 
number of turns equal to 86.6 per cent of the total number 
of turns between c and d. If now we impress one phase of 
a two-phase system across ab and the other phase across cd, 
we shall have a correct three-phase system between the 



Fig. 140. The arrangement of a Scott transformer for transformation 
from two-pliase to three-phase. Between c and c there arc 86.6 per 
cent of the turns between c and d. 

points a, b and e . That is, if the e.m.f. a to b is equal to the 
e.m.f. c to d and 90° behind it, then the e.m.f.’s a to b, b to e 
and e to a are equal to each other and 120° apart consecutively 
with respect to positive directions as stated (a to b to c). 

The e.m.f. relations of the Scott system are shown in Fig. 
141 and 142 wherein the vectors represent the e.m.f.'s in 
the coils, or parts of coils, which are lettered correspond- 
ingly in Fig. 140. Let us assume that these vectors represent 
the e.m.f. ’s which act internally through the coils between the 
points lettered like the ends of the vectors. Now the e.m.f. 
acting through the external circuit from a toward b is the 
same as the e.m.f. acting internally from b toward a, which 
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is the reverse of vector ab in Fig. 141, as shown in Fig. 142. 
This gives us vector OA 8 . The e.m.f . acting through the ex- 
ternal circuit from b toward e is equal to the resultant of the 
e.m.f.’s acting internally from e to c and from c to b, which is 
the vector sum of ce reversed and cb direct from Fig. 141. 
This gives us the vector 0B 9 in Fig. 142. Finally, the e.m.f. 
acting through the external circuit from e toward a is equal to 
the resultant of the e.m.f.’s acting internally from a to c and 



Fig. 141. Vectors of in- Fits. 142. Vectors showing how the in- 
ternal e.m.f . *s of the Scott temal e.m.f.’s of Fig. 140 and 141 corn- 

connection shown in Fig. bine to produce the external three-phase 
140. e.m.f.’s (b to e), (e to a) and (a to b). 

from c to e, which is the vector sum ac direct and ce direct 
from Fig. 141. This resultant is the vector OC 8 in 
Fig. 142. 

Thus the e.m.f.’s a to b, b to e and e to a in the external 
circuit are represented respectively by the vectors OA 9 , OB 9 
and OCz in Fig. 142. It is easily proved by simple trigonom- 
etry that these three e.m.f.’s will be equal to each other and 
120° apart (that is, line wires connected to terminals a, b and 
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c will compose a three-phase system) if the following condi- 
tions be fulfilled : 

(а) a to c, or c to 6, equal to one-half of e.m.f. a to b. 

(б) E.m.f. doe equal to VS/2 or 0.866 times the e.m.f. c to d. 

(c) E.m.f. a to b 90° out of phase with e.m.f. c to d , and equal to it. 

It is not necessary that there be any particular relation 
between the number of turns in the coils ac or ab and the 
number of turns in the coils ce or cd — only that the e.m.f. 
relations within each of the two phases be as stated above. 



Fig. 143. A method of changing from two-phase to three-phase at dif- 
ferent voltage by autotransformors, using only tliree taps — e,c and/. 

It will be seen readily that a scheme similar to this could be 
applied to change any given polyphase system into some 
different polyphase system, although it could not change a 
single-phase into a polyphase system. It has received its 
principal application, however, in connecting two-phase sys- 
tems to three-phase systems. It is impossible to use auto- 
transformers for the Scott connection with a three-wire 
two-phase system, because the interconnection of the two 
phases short-circuits one of the coils ac or cb. We may, how- 
ever, use ordinary transformers with Scott connection be- 
tween their secondaries. 

When connections are as in Fig. 140, 141 and 142, 
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we shall have the same voltage between line wires of the 
three-phase system that we have between line wires of the 
two-phase system. However, we may easily transform from 
two-phase at one voltage to three-phase at some different 
voltage, as shown in the following example. 

Example 3. The coil ab in Fig. 140 has 3000 turns, and the coil 
cd has 2400 turns. The e.m.f/s ab and cd are each equal to 6600 
volts and are 90° out of phase with each other. How should taps 
c and e be located with respect to ab and cd respectively, in order to 
obtain three-phase with 2300 volts between any two lino wires? 
Where should the three-phase line wires be connected to the coils? 

There are two solutions, as illustrated by Fig. 143 and 144, in 
which the following relations hold : 


Figure No. 

Bet. woo n 
points. 

Number of turns. 

Voltage. 


a to & 

3000 

6600 


C to d 

2400 

6600 


a to/ 

§§X3000=1045.2 

2300 

143 

a to c 

*X 1045.2 = 522.6 

1150 


c to e 

x l ^ x2400 = 725 5 

V3 

2^X2300=1994 


f to e 


2300 


e to a 


2300 


a to b 

3000 

6600 


c to d 

2400 

6600 


g to/ 

§52x3000=1045.2 

2300 

141 

g to c 
or c to f 

*X 1045.2 = 522.6 

1150 


c to e 

^lis * 2400 - 726 - 6 

^5x2300=1994 


f to e 


2300 


e to g 


2300 
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Practically the only difference between these two schemes is that 
Fig. 144 requires four taps to be made in the autotransformers or 
transformer secondaries, whereas Fig. 143 requires only three taps 
to be made. 



Fia. 144. This method requires four taps, y, c, f and e, to accomplish 
the same result as is shown in Fig. 143. 

69. Current Relations in Tee-connected Transformers. 

So far we have illustrated the application of the Scott-con- 
nection to autotransformers, only. In Fig. 145a, however, 
are shown two ordinary transformers taking power from a 
two-phase line and delivering three-phase power. For sim- 
plicity, the secondary coils and connections alone are shown 
in Fig. 145b. 

Fig. 146 represents the e.in.f. and current relations for 
the particular case of balanced load at unity power-factor 
delivered from the three-phase terminals. We start out by 
drawing the three vectors Ii, H', and /a", representing the 
currents flowing within the coils from b toward o, from e 
toward b and from a toward e, respectively, due to the 
e.m.f.'s OAs, OB a and OCa, respectively (of Fig. 142), acting 
upon circuits of equal resistance and zero reactance. Fig. 
145b represents the positive directions of the internal currents 
in the transformers when power Js being delivered to the 
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three-phase circuit. Noting from Fig. 145b that the internal 
current from c toward b (in direction of arrows in Fig. 141) 
is equal to the vector difference between the currents (e to b) 
and ( b to a) or equal to the vector sum 
of currents (e to b) and (a to 6), we re- 
verse 7s in Fig. 146 and then add it to 
I ", thus obtaining I b , which is the cur- 
rent flowing internally in the coil con- 
nected to terminal 6. By similar 


Fig. 145a. Two trans- 
formers with primaries 
connected to two- 
phase line, and sec- 
ondaries tapped and 
connected according 
to Scott system de- 
livering three-phases 
(Aa, flj, C*). This 
scheme may be used 
with a three-wire two- 
phase line, which is 
impossible with auto- 
transformers. 



Fig. 145b. Positive directions of the currents 
in the transformer coils of Fig. 145a as power 
is delivered to the three-phase line. 

Current from c to b « /*' © /* 
Current from a to c =* /»" @ l\ 
Current from ctoe = /£" © /*' 


reasoning we find I a by subtracting (vectorially) 7J from 
/a", and we get 7« by subtracting 1% (vectorially) from /»". 
If our reasoning and our work have been done correctly, we 
should find that the vector sum of I b and 7«, both of which 
have positive directions away from the junction point c, 
should be exactly equal to the vector I ay which has positive 
direction toward c; or, the vector sum of I a reversed, and I bt 
and 7., as in Fig. 146, should be equal to zero. 

It is to be noted that Fig. 146 applies only to the three- 
phase side of two-coil transformers. To apply it to auto- 
transformers, we must draw in the vector representing the 
two-phase component of current in each coil, and combine it 
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with the component of three-phase current in the same 
coil. 


Example 4. What transformer capacity, in kv-a., would be re- 
quired to transform 2300 volts two-phase to 2300 volts three-phase, 
delivering a balanced non-inductive load of 300 kv-a. from the 
three-phase terminals? 

Kv-a. delivered to each of three external circuits = = 100. 

In Fig. 142, OA z = OB z — OC 3 = 2300 volts. 

T 100,000 volt-amperes _ 

In Fig. 146, n-IS-ir- ~2 3 00~ vo lta 43 5 ampereS - 



Fio. 146. Vector diagram of internal currents in the coils of Scott- 
connected secondaries of two-coil transformers like Fig. 145a. 

From the relations developed in Fig. 146 we sec that under the above 
conditions, 

/„ = /(, = /, = Vi I, = 1.732 X 43.6 = 76.3 amperes. 

Each of the two transformers must therefore have a capacity of 75.3 
amperes at 2300 volts, or 173.2 kv-a., and the total transformer 
capacity required is 2 X 173.2 equals 346.4 kv-a., in order to deliver 
300 kv-a. at the three-phase terminals. 

It is to be noted that this problem applies only to two-coil trans- 
formers like Fig. 145a; it does not apply to autotransformers con- 
nected according to the Scott system, as in Fig. 140, 143, 144. 
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If the power-factor of the three-phase circuit becomes less 
than unity, say 0.87, while the load remains balanced, it does 
not affect the transformer capacity required for a given kv-a. 
output. The effect is merely that the vector relations of 
Fig. 146 remain exactly the same while the whole diagram of 
currents shifts around so that the currents /£, /*' and I"' 
make angles of 30° (= arc cos 0.87) with the respectively 
corresponding e.m.f. vectors OA 3 , OBs and OCz of Fig. 142. 

It is to be noticed that in the transformer ab (Fig. 141), the 
part ac carries a current leading the e.m.f. in this part by 30° 
(see Fig. 146), while the part cb carries a current lagging 
behind the e.m.f. in this part by 30°. This not only has the 
effect to require total transformer capacity in excess of the 
actual load delivered, as shown above, but also affects the 
voltage regulation of the transformers, and the balance of 
voltages in the phases. By comparing Fig. 146 with Fig. 
142 we see that the phase relation of current to e.m.f. within 
the coil ce is exactly the same as the phase relation of JJ' to 
OZ? 3 , or of I"’ to OCz\ that is, when the external load is non- 
inductive the current in ce is in phase with the e.m.f. in ce. 

Prob. 39-4. If the tap c in Example 3, Fig. 143, is misplaced so 
that the number of turns from a to c is 572.6 instead of 522.6, all 
other connections being correct as calculated, what will be the values 
and phase relations of the e.m.f. ’s between three-phase terminals? 

Prob. 40-4. If the tap e in Example 3 is misplaced so that the 
number of turns from c to e is 775.5 instead of 725.5, all other con- 
nections being correct as calculated, what will be the values and 
phase relations of the e.m.f. ’s between three-phase terminals? 

Prob. 41-4. We desire to transform from two-phase at 4400 
volts to three-phase at 2200 volts by means of T-connected auto- 
transformers, as in Fig. 143. The design of the iron cores is such 
that at 60 cycles the maximum permissible flux density gives two 
volts per turn in the windings. Mark the required number of turns 
on all parts of coils in a connection diagram similar to Fig. 143. 

Prob. 42—4. We desire to transform from two-phase at 4400 volts 
to three-phase at 6600 volts by means of T-connectcd autotrans- 
formers, as in Fig. 144. The design of the iron cores is such that 
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at 60 cycles the maximum permissible flux density gives 5 volts per 
turn in the windings. Mark the required number of turns on all 
parts of coils in a connection-diagram similar to Fig. 144. 

. Prob. 48-4. Calculate the carrying capacity in amperes re- 
quired for each part of the windings in Prob. 41, to deliver 200 kv-a. 
at 2200 volts three-phase. 

Prob. 44-4. Calculate the carrying capacity in amperes re- 
quired for each part of the windings in Prob. 42, to deliver 200 kv-a. 
at 6600 volts three-phase. 

60. Transformers in Open-Delta Connection. Current 
Relations. If we have three transformers connected in 
delta to three-phase lines as in Fig. 125, it is valuable to 
know that one of these transformers, say No. 3, can be 
removed entirely from the system, giving a so-called “open 
delta,” without interrupting the three-phase service on the 
low-tension mains L u L L B . That is, the e.m.f.’s L\ to Li t , 
Li to Li and L s to L x remain approximately equal to each 
other as when the delta was complete, and approximately 
120° apart as to phase in the sequence indicated. However, 
the current in each of the two remaining transformers is 
compelled to increase to a value V 3 times as great as the 
current carried by each of three transformers in closed delta 
carrying the same load. 

That is, if a balanced load of 300 kv-a. were being drawn 
from the secondary mains Li, 1^, _L 3 , each of three 100-kv-a. 
transformers being fully loaded in closed delta (Fig. 125), the 
removal of one of the transformers would cause each of the* 
remaining two to carry 173 kv-a. without altering the total 
load appreciably. If the transformers were each of 100-kv-a. 
rated capacity it would be necessary to reduce the total load 
from 300-kv-a. to Q?8) times 300 kv-a., or 173 kv-a., if we 
wished to avoid overloading the transformers. 

If we wish to use two transformers in open delta to supply 
this balanced 300-kv-a. three-phase load as a regular operat- 
ing condition, this may be done, provided each of the two 
transformers has a rated capacity of 173 kv-a. This would 
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require a total capacity of 2 X 173, or 346 kv-a., in trans- 
formers to carry a 300-kv-a. load, for which 300 kv-a. of 
transformer capacity would be sufficient if the closed delta 
(three transformers) had been used. That is, we should need 

two equal transformers in open delta each of ^ X kv-a. 


( 2 y/s \ 

total capacity = — g — K ) , 


instead of three equal 



Fig. 147. The open-delta connection. Note the transformer T$ is 
disconnected and that the other two are carrying the three-phase 


load. The line currents are: 


la - h © /» 

lb - /, © /l 
Ic - /. © /* 


transformers in closed delta each of \ K kv-a. capacity, to 
carry the same total balanced load of K kv-a. three-phase 
at any power-factor. 

In Fig. 147, transformer T* is shown disconnected from the 
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delta of Fig. 125, leaving the open-delta arrangement of 
transformers No. 1 and No. 2 . Fig. 148 shows the e.m.f. 
XxYx from main Li toward main In in the external circuit, 
added vectorially to the e.m.f. X 2 Y 2 from main In toward 
•main L 3 , giving the (dotted) vector XiY 2 as representing the 
e.m.f. acting in the external circuit from Li toward In- But 
the convention according to which the three phases are 



Ficj. 148. Vector diagram of the 
e.m.f. relations in Fig. 147. The 
vector Y 2 Xi represents the e.m.f. 
across the open-delta. 


uniformly 120 ° apart is that 
we proceed in orderly fashion 
from main to main, thus: 
L\ to L/ 2 y T-j '2 to Z/3, Z/3 to In, 
as indicated by the arrows 
representing positive direc- 
tions for currents Zi, 1 2 and 
1 3 in Fig. 147. The third 
phase will, therefore, be 
from Z / 3 toward L\, and the 
e.m.f. acting on it through 
the external circuit is as 
represented by the (full line) 


vector Y 2 Xi, in Fig. 148, 
which is equal and opposite to the e.m.f. acting externally 
from Lx toward Z / 3 as represented by the vector XiY 2 . 

In Fig. 149, we have assumed currents of I h Z 2 , Z 3 amperes, 
equal in value and of the same power-factor, to be flow- 
ing in the three phases of the external circuit with positive 
directions chosen as indicated by arrows in Fig. 147. That 
is, the angle between the current in Fig. 149 and the e.m.f. 
X 1 F 1 or L 1 L 2 in Fig. 148 is the angle whose cosine is the 
power-factor of the external circuit between mains Lx and 


Z/ 2 , and so on. If now we draw arrows in the same (either) 
direction on mains Li,I^,L 3 of Fig. 147, to represent what we 
shall consider to be positive directions of current therein, we 
are enabled to write the relations of Z«, I hy I e in the mains 
to the load currents Zi, / 2 , Z 8 . This is merely KirchhofFs law 


relating to currents meeting at a point, applied to vector 
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summations, instead of to algebraic summations as in the case 
of direct currents. 

Thus, with positive directions as marked in Fig. 147, I a is 
equal to the vector difference between Ji and 7a, or equal to 
the vector sum of 7s reversed and 7i, since the (vector) sum 
of all currents with positive directions toward a junction 
point must be equal to the (vector) sum of all currents with 
positive directions away from the same point. Applying 



Fig. 149 . Vector diagram of the current relations in Fig. 147 , assuming 
a balanced load. 

this relation to each of three junction points of a main with 
two loads, we find the values of the main currents 7 a , I b} 7 C as 
in Fig. 149. Although this figure relates only to a balanced 
load of unity power-factor, the same manipulations of vec- 
tors would bring correct results for any state of unbalance 
as to current or power-factor among the three loads. 

For balanced load of any power-factor, it is apparent from 
Fig. 149 that: 

I a = lb — Ic — current per line wire 

= y/% X current per phase of closed delta. 

Then, since voltage across each transformer equals voltage 
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across each load circuit, and current in each transformer of 
open-delta equals line current, 

Kv-a. per transformer in open delta— V 3 X kv-a. per 
phase of three phases. 

Prob. 45 - 4 . What should be the kv-a. capacity of each trans- 
former in an open delta to carry a balanced three-phase load whose 
total value is 120 kilowatts at 80 per cent power-factor? 

Prob. 46-4. Two transformers each of 10 kv-a. rated capacity 
are connected in open delta. What maximum total load in kilo- 
watts at 90 per cent power-factor, balanced among three phases, can 
be delivered allowing 25 per cent overload on transformers during 
the limited period of peak load? Neglect voltage drop in trans- 
formers. 

Prob. 47-4. Each of the transformers of Prob. 46 has equiva- 
lent resistance of 0.5 per cent, impedance of 4 per cent, and ratio of 
turns 10 : 1. Low-tension secondary voltage is 230 between each 
pair of mains. Calculate voltage across each pair of high-tension 
line wires. 

Prob. 48-4. The loads on the system of Fig. 147 using trans- 
formers as specified in Prob. 40 and 47 arc as follows: h is 2 kv-a. 
at 90 per cent power-factor, / 2 is 6 kv-a. at 90 per cent power-factor. 
How many kv-a. at 90 per cent power-factor may be taken at /*? 
In this problem neglect the voltage drops within the transformers. 

Prob. 49-4. Using the data of Prob. 47 under the conditions 
of Prob. 48, calculate the voltages HJI 2 , II Jh and Htlh respec- 
tively, with 230 volts across each load. Assume current in each 
transformer same as in Prob. 48. 

Prob. 60-4. If three transformers, like those specified in Prob. 
46 and 47, were connected in closed delta to carry the load speci- 
fied in Prob. 48, how many kilovolt-amperes could be taken at /*? 
Power-factor equals 90 per cent in each phase of the load. 

61. Parallel Connection of Three-phase Banks. When 
we desire to operate in parallel, polyphase transformers or 
groups of transformers, certain conditions must be fulfilled 
that are concisely presented in the following paragraph which 
we quote from the “American Handbook for Electrical 
Engineers”: 

“If there are several banks of transformers in the same 
system connected in parallel on one side, then to connect 
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the other sides in parallel the connections must be such that 
the voltage between any two lines on this side will have the 
same phase in all the banks. From this relation result the 
following rules: 

(a) With YY on one bank, the -other bank must be FF 

or AA. 

( b ) With Y A on one bank, the other bank must be FA 

or AF. 

(c) With AF on one bank, the other bank must be AF 

or FA. 

( d ) With A A on one bank, the other bank must be A A 

or YY. 

Even when these relations are satisfied a short-circuit will 
result unless the three phases of each bank are connected in 
the proper sequence. ,, 



Fia. 150. The vector diagram of the high-tension side of a bank of 
F-connectcd transformers. The A ends have been connected to 
neutral. The vectors Hi, H% and H% represent the voltages across the 
high-tension coils of the transformer. The vectors A, B and C repre- 
sent the voltages between the high-tension line wires. 

The reasons for the above statements should appear if the 
vector diagrams of Fig. 150 to 159 are studied carefully. 
The relative polarity of the high-tension and the low-tension 
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coils in each phase of each bank of transformers is assumed 
to have been determined and marked by the conventional 



L., 

Pig. 151a. The vector dia- 
gram for the low-tension 
star-connected coils of the 
transformer of Fig. 150. 
The X terminals are con- 
nected to neutral and the 
Y terminals to the low- 
tension line wires. 


L:, 



Fig. 151b. The low-ten- 
sion coils of a F-con- 
nectcd transformer bank, 
in which the Y ends of 
the coils are connected to 
neutral, and the X ends 
to the low-tension mains. 


letters AB, XY (see Art. 49). Fig. 150, 151 and 152 refer 
to a YY bank; Fig. 153 and 154 refer to a FA bank; Fig. 

155, 156 and 157 refer to a 
AF bank; Fig. 158 and 159 



Fig. 152. The A-voltages between low- 
tension mains h\ , L 2 , L», from the 
bank of transformers, the high-ten- 
sion F-connected coils of which are 
shown in Fig. 150. 

sion coils are connected in star, 


refer to a A A bank. 

From Fig. 150 we read 
that the high-tension coils 
of the YY bank have been 
connected in F, the A ter- 
minals to neutral and the B 
terminals to the line wires 
H\, Hi, Hz, The vectors A, 
B, C represent the high- 
tension e.m.f.’s H\ toward 
Hi, Hi toward Hz, and Hz 
toward H x , respectively. 
In Fig. 151a, the low-ten- 
with X terminals to neutral 


and Y terminals to the low-tension mains L\, Li, L z , The vec- 
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tors Y\ to Y 2 , Y 2 to F 3 and Fa to Y\ represent the cor- 
responding e.m.f.'s between mains Li, La and La. Fig. 
152a represents the e.m.f.’s acting from Fi to F a , from F* 
to F 3 and from F 2 to Y x (or L x to La to U, U to L x ) 
in three loads connected in delta to the low-tension mains. 
Fig. 152b shows the e.m.f.’s acting on the same loads but 
in the directions from La to L x , from L\ to L?, from La to 
La. Fig. 151b represents the same low-tension coils con- 
nected in star, but with the F terminals to neutral and X 



Via. 153. The vector diagram of the high-tension e.m.f.’s in the F- 
connected transformer bank. This is merely Fig. 150 repeated for 
convenience in comparing the relations of the low-tension e.m.f.’s. 

terminals to the low-tension mains Li , La, La. After the 
manner indicated above, Fig. 152c represents the e.m.f.’s 
acting from X x to X 2 , from X 2 to X 3f and from X 8 to X x in the 
delta loads connected to the low-tension mains, while Fig. 
152d represents the e.m.f.’s acting from X x to X 8i from X a to 
X 2 and from X 2 to X x in the same delta-connected loads. 
Notice that the X x Y x c.rn.f. in each transformer is in phase 
with the A\B\ c.m.f., and so forth. 

Similarly, Fig. 154 represents phase relations between the 
e.m.f.’s acting upon three loads connected in delta to low- 
tension mains when the high-tension coils are connected in 
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Y as in Fig. 153 and the low-tension coils are connected in A. 
Fig. 154a and 154b refer to the same connections between 
coils, but to different direction of progress around the delta 
(Fig. 154a referring to the direction from Y x X 2 to Y%X* to 
FaXi, while Fig. 154b refers to the direction from Y x X t to 
Y{X i to YiX z ). Fig. 154c and 154d refer correspondingly to 
the two different directions of progress around the delta but 
with the alternative scheme of interconnections between coils 
(that is, having junction points X x Y 2y X 2 Y 3 , X 3 Y x> which 




Fig. 154. The possible e.m.f.’s be- 
tween low-tension mains Li, L?, L 9 
from a FA -connected transformer 
bank, of which the high-tension 
F-connected coils are seen in 
Fig. 153. 


Fig. 155. The e.m.f. rela- 
tions in the high-tension 
coils when the transformer 
bank is connected in delta 
on the high-tension side. 
Notice that corresponding 
line voltages A, B,C in Fig. 
153 and 155 are in phase. 


gives us zero resultant within the delta just as well as the 
connection of Fig. 154a and 154b). 

Fig. 157 illustrates in corresponding fashion the delta 
e.m.f. 's between low-tension mains when the low-tension coils 
are connected in star (as in Fig. 156a and 156b) and the high- 
tension coils in delta (as in Fig. 155). Fig. 157a and 157b 
refer to the two directions of progress around delta loads 
connected to secondary mains, when similar coil-terminals 
(Xi, X 2 , X$) are connected to neutral in both cases as in Fig. 
156a. Fig. 157c and 157d refer to the corresponding cases 
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when Yi, Y% and F 3 are connected to neutral as in 
Fig. 156b.. 

Again, Fig. 159 illustrates the delta e.m.f.’s between low- 
tension mains when the low-tension coils are connected in 



(a) (6) 

Fia. 156. The vector diagrams of the e.m.f.’s in the F-connected low- 
tension coils corresponding to Fig. 155. Notice that the e.m.f. XiYi 
in Fig. 156 is parallel to the e.m.f. AiBi in Fig. 155, and so forth. 


delta, while the high-tension coils are also in delta as in 
Fig. 158. Fig. 159a and 159b refer to the two directions of 
progress around the same delta formed by the junction points 


YlX 2 , FaX a , Y&Xi between 
low-tension coils, while 
Fig. 159c and 159d refer 
to the corresponding cases 
for the other delta connec- 
tion of low-tension coils 
which gives j unction points 
FiXa, FaX 2 , Y 2 X x . 

Notice that in all con- 
nections of high-tension 
coils, represented by Fig. 
150, 153, 155 and 158, the 
e.m.f.’s from Hi toward 



Fig. 157. The vector diagrams for the 
e.m.f.’s between low-tension mains 
L\,Lt t L i} corresponding to Fig. 156. 


H 2 (vectors A) are parallel to or in phase with one 
another, the e.m.f.'s H 2 toward H* (vectors B) are in phase 
with one another, and the e.m.f.’s H* toward Hi (vectors C ) 
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are in phase with one another. This is necessarily so if corre- 
sponding high-tension coils are connected in parallel between 
identical line wires. The voltage rating of the high-tension 
coils and the low-tension coils of each transformer must of 
course be such that the delta voltages between low-tension 
mains as represented by the sides of the triangles in Fig. 152, 
154, 157 and 159 are all equal to one another when the delta 
voltages A, B, C between high-tension line wires are equal 
to each other as represented in Fig. 150, 153, 155 and 158. 



tions in the high-tension 
coils when the transformer 
bank is connected in delta 
on the high-tension side. 
Fig. 155, repeated. 





Fio. 150. The e.m.f. relations in the 
low-tension delta-connected coils of 
the transformer of Fig. 155. Com- 
pare with Fig. 152 for same low- 
tension relations with the high- 
tension coils connected in star. 


Now obviously the low-tension mains of Fig. 152, 154, 157 
or 159 may be connected in parallel whenever it is possible 
to superpose the corresponding triangles one over another 
without turning them around. Thus, there appear to be 
four possible parallel combinations of the A A connection 
(Fig. 159) with the YY connections (Fig. 152) ; but none are 
possible between either A A or YY and either AF or FA, on 
account of the fixed difference of angular relation between 
the triangles. There also appear to be four possible parallel 
combinations of the AF connection (Fig. 157) with the FA 



TABLE IV 
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Fig. 154d with Fig.’157a 
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connection (Fig. 154); but none are possible between either 
AF or FA and either A A or YY, for the reason already 
mentioned. Examining the diagrams more closely, we find 
that of the four combinations between A A and YY, only two 
are really different; and of the four combinations between 
AY and FA, two are identical with the other two. This 
leaves four really different combinations in all, which are 
specified completely in 'fables IV and V following. It is 
understood, of course, that these tables show only the parallel 
connections that are possible between banks of different 
grouping, and that other connections are possible between 
banks of similar grouping, as between YY and YY, between 
A A and A A, between AF and AF, or between FA and FA, 
provided only that the voltage ratio, polarity and sequence 
of phases of the two banks are alike. 

Note. In the following problems there are no electrical connections 
between neutral points. 

Prob. • 61-4. Parallel connections between two YY banks of 
transformers which have the same ratio and characteristics have 
progressed thus far: In first bank, A[ } A' 2j As to neutral; B[ to Hi; 
Bi to II 2 ; B' a to Hs\ X[, X 2} X' z to neutral; Y[ to L x \ Y 2 to h 2 ; 
Fa to L*. In second bank, A", AY, AY to neutral; B" to H x ; 
BY to II 2 ; BY to Hz; XY, XY, XY to neutral; Y" to L 2 . Cal- 
culate as percentages of low-tension line voltage the following 
e.m.f. ’s: (a) YY to L%; (6) YY to L*; (c) YY to L x ; (« d ) Fa' 

to Lz. 

Prob. 52-4. Incomplete parallel connections between the YY 
banks of Prob. 51 are as follows: On high-tension side, both banks 
connected as in Prob. 51; X[, Xi, Xi to neutral; Y[ to L x ; Yi 
to L 2 ; FJ to Lz] YY, YY and YY to neutral; and XY to L 2 . 
Calculate the following e.m.f.’s as percentages of the e.m.f. between 
low-tension mains: (a) XY to L%; (6) XY to Lz; ( c ) XY to L x ; 

' ( d) XY to Lz . 

Prob. 55-4. Two YY banks of transformers are connected as 
in Prob. 52 except that XY connects to L 2 . Is it permissible to 
connect XY to La? If so, calculate the e.m.f. XY to Li as percentage 
of the e.m.f. between low-tension mains. 

Prob. 54-4. A AA bank is connected to high-tension and low- 
tension mama as follows: BiA% to H 2 ; BiA* to H%; BzA x to Ih; XlYz 
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to L\\ Xi Y[ to L 2 ; XiYi to L s . A AY bank having the same volt- 
age between its low-tension terminals is partly connected to the 
same mains as follows: high-tension same as A A bank; X ”, Xi', 
X to neutral; Y' s ' to L x . Calculate the following e.m.f.’s as per- 
centages of the c.m.f. low-tension mains: (a) Y{' to L 2 ; (6) Y[' to 
L s ; (c) YU to U; ( d ) YU to L 3 . 

Prob. 55-4. A AA bank is connected as in Prob. 54, and a AY 
bank has the same connections on the high-tension side. On the 
low-tension side of this AY bank, we have the following connec- 
tions: Yl', Y 2 , Y' z ' to neutral; X* to L x . Calculate the following 
c.m.f. 's as percentages of the e.m.f. between low-tension mains: 
(a) Xi' to L 2 ; (6) Xi' to L 3 ; (c) Xi' to L 2 ; (d) Xi' to L 8 . 

Prob. 66-4. A YA bank has the following connections on the 
high-tension side: Bi, Bi, Bi to neutral; A[ to Ih; Ai to H 2 ; 
Ai to // 3 . A AY bank has the following connections on the high- 
tension side: Bi'A'Y to Hi; Bi'Ai' to H 2 ; Bi'Ai' to Hz. Specify 
connections which shall place the low-tension sides of these banks 
properly in parallel with each other, the ratios of the transformers 
being suitable for parallel operation. 

62. Three-phase Transformers. A saving of approxi- 
mately 16 per cent in the amount of iron required per kilo- 
volt-ampere of three-phase power transformed, and an 
increase in efficiency of from 0.15 to 0.40 per cent, as well as 
a very substantial reduction in the floor space required per 
kilovolt-ampere of transformer capacity, may be accom- 
plished by combining parts of the magnetic circuits of three 
single-phase transformers so as to form a single structure 
known as a “three-phase transformer.” Three types are 
distinguished, known as the “core type” (Fig. 167), the 
“shell type” (Fig. 163 and 165), and the “hexagonal type” 
(Fig. 160), which is really only a modification of the shell 
type. Any comparisons that may be drawn should of course 
be between a single three-phase transformer and three single- 
phase transformers having the same total kilovolt-ampere 
capacity. 

The flux relations may be brought out most clearly, per- 
haps, by considering the hexagonal type as in Fig. 160. The 
flux in all parts of the core will vary harmonically because 
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the e.m.f. applied to the primary winding, and therefore the 
counter e.m.f. induced in it by the flux, varies harmonically. 
Consequently, we may properly represent the fluxes, as to 
both value and phase relations, by vectors just as we repre- 
sent harmonic e.m.f.’s and currents. In Fig. 160, 0 O , fa } fa, 
represent the fluxes in the three iron cores on which the wind- 
ing of the individual phases are placed, while fa, <f> 2 , fa 



Fio. 1G0. Diagram showing the high-tension windings and the positive 
direction of the fluxes in the cores, in a three-phase transformer. 

01 =02 ~ 03 0a = 03 0 01 

01 0 01 0 08 * 0 0b = 01 0 02 

0a © 06 0 0c — 0 0c = 0 2 0 03 

0a — 06 ~ 0c 

represent the corresponding fluxes in the yokes connecting 
these cores. Only the primary or high-tension windings of 
the three phases are shown in Fig. 160. Marking the coil 
terminals in such manner that a current from Ai toward B\, 
or from A 2 toward B 2 , or from A 3 toward B 3 will produce a 
magnetic flux in the same relative direction through the sev- 
eral cores (i.e., either all towards the junction of cores as in 
Fig. 160, or all away from the junction), we coimect the A 
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ends of the coils together to form electrical neutral (N) and 
connect the B ends to line wires for a Y primary, or we 
connect as in Fig. 155 or 158 for a A primary. 

Then, as the e.m.f.’s and exciting currents are equal in 
value and differ in phase consecutively by 120° with respect 
to positive direction from N toward B, it follows that the 
fluxes <t> a , <t>b and <f> c will be equal to one another and have 
corresponding phase differences of 120° when all are con- 
sidered with respect to positive directions as marked by the 
arrows in the cores of Fig. 160. Choosing positive directions 
as in Fig. 160 for yoke fluxes 0 i, fa, 0 8 , we are enabled to write 
the following relations. 

From symmetry of the phases and of the construction: 

01 = 02 = 08 (1) 

From phase relation of e.m.f.’s and absence of coils on 
yoke: 

01 © 02 © 08 = 0 ( 2 ) 

From relations of value and phase of e.m.f.!s and excit- 
ing currents in windings: 

0« © 06 © 0C = 0 (3) 

0a ~ 06 = 0c (4) 

From consideration of flux relations at junctures of cores 
with yokes, assuming no magnetic leakage: 

0a — 03 © 01 (5) 

06 = 01 © 02 ( 6 ) 

0c = 02 © 03 (7) 

According to the convention we have adopted with reference 

to e.m.f.’s and currents, © and © denote addition and sub- 
traction of vectors whose arithmetical (maximum instanta- 
neous) values are denoted by 0. 

Fig. 161 is drawn in accord with equations (1) to (7). 
Starting with three equal vectors 0 i, 02 , 08 , 120° apart (whose 
vector sum is zero), we add 0 s to 0 i reversed and obtain 0 a 
in accordance with equation (5), and so on. We are thus 
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informed that the flux in each core is equal to y/S times the 
flux in each yoke, or that the maximum value attained by 


flux in each yoke is equal to — ^ or 0.577 times the maximum 



Fig. 161. Vector diagram showing the flux relations of Fig. 160. 
All fluxes are assumed to vary harmonically, thus the flux in the 
cores (<t> a or <t>b or </> c ) is equal to v^3 times the flux in the yoke (</>i or 
tfa or 0 3 ). 


value of flux in each core. That is, if the magnetic circuit is 
of the same material throughout (as is usual, with stamped 
steel laminations), the cross-section area of the yoke should be 
about 58 per cent of the cross-section 
area of the core, in order to keep within 
the same limiting value of flux density 
B m . Fig. 160 has been drawn to scale 
on this basis. If we make the yokes 
of smaller section they will overheat, Fig. 162. Diagram of 
and if we make them of larger section R single-phase trans- 
we shall waste material; obviously, former, shell-type, 
we could not know the correct proportions without some such 
analysis as the preceding. 

Fig. 162 shows a shell-type transformer, and Fig. 163 
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shows three such transformers, one for each phase, piled up 
to form a “three-phase transformer.” The end sections of 
the yoke of the middle transformer may be saved, as shown 
in Fig. 163, if we are careful to reverse the electrical connec- 
tions of this phase with respect to the other two phases. 

(The arrow on the winding of the 
0T| middle section, Fig. 163, merely shows 
the positive direction through the coil ; 
note that the coil itself is reversed.) 
If we wind and connect all three pri- 
mary coils in exactly similar manner, 
the saving of iron, though real, is so 
much reduced as to be hardly appre- 
ciable, as shown in comparison by Fig. 

165. The reasons are developed in 
vector diagrams of Fig. 164 and 

166. 

Consider first Fig. 165. With elec- 
Fig. 163. Three single- trical connections as shown, the excit- 

such*' inK currcnts roach max ' mum values in 

piled up to form a direction from A toward B, or from 
three-phase trans- neutral toward line wires, 120 time- 
former shell-typo. The degrees apart consecutively. This 
end sections of the cau , ses the core fluxes 0i, 0->, 03 to reach 
middle transformer can • i 

, , . . .... their respective maximum values, in 

be cut out and still the ... . . 1 

flux density will be no directions shown by the arrows, 120° 
greater than in Fig. apart. Therefore, in Fig. 166, we 
162. draw the vectors 0i, 02 , 0s (equal in 

04 = 0i = 06 © 0r value as phases arc assumed to be of 

0e = 03 - 06 0 08 equal voltage) 1 20° apart. We now 

07 = 0i © 02 * 04 © 06 choose positive directions for the yoke 

0 I — 0 I © 0 » ~~ ^ ** fluxes 04 , 05, 06, 07, 08- On the basis 

of directions as chosen in Fig. 165, 
and the explanation given with respect to Fig. 160, we may 
write the following equations for building the vector diagram 
of Fig. 166: 
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04 = 01 — 05 © 07 

06 = 03 = 05 © 08 

05 = 08 © 08 “ 04 © 07 

07 = 01 © 02 “ 04 © 05 

08 = 02 © 03 “ 05 © 06 

Using these vectorial relations and starting with 0 i, 0 2jl 0 3 , we 
find from Fig. 166 that 0 7 and 0 8 are each equal to V 3 times 
the core flux. That is, to keep within the same limiting value 
of B m or 0 m for the entire magnetic circuit, the total cross- 
section area of the yokes which carry 
07 and 08 should be 1.732 times the © 

area of the cores which carry 0 i, 

02 , 03 - 

As the yokes on the two sides and 
ends are in parallel, we find that, in 
Fig. 165, 7/i should be VS/2 or 0.87 
times c, and t/ 2 should be 1/2 of c. 

Fig. 166 is drawn so as to indicate 
how the various vector relations 
stated in the equations may be 
checked or verified. Kkj. 164 . Vector diagram 

If now we reverse the connections for the flux relations in 
of the middle phase as shown in Fig. the transformer of Fig. 
163, we reverse the vector 02 as seen 163 * 
by comparing Fig. 164 with Fig. 166. That is, 02 is now 120° 
out of phase with both 0i and 0 3 with respect to a positive 
direction which is opposite to their positive directions, or is only 
60° out of phase with both 0i and 0 3 with respect to a common 
positive direction for all as shown by arrows in Fig. 163 and 
165. The relations between chosen positive directions being 
now the same as in Fig. 165, the same equations hold between 
vector quantities, and we proceed to manipulate the vectors 
0i, 02 , 03 of Fig. 164 exactly as we manipulated the corre- 
sponding vectors in Fig. 166. We find now, however, that 
the flux in every yoke is the same as in every core; that is, in 
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Fig. 163 we shall have the same value of B m throughout the 
core if the dimension y in all parts of the (divided) yoke is equal 
to one-half the dimension c . Fig. 164 is drawn so as to show 
how all the equations may be checked. The arrangement of 
Fig. 163 is obviously preferable to that 
of Fig. 165 on account of its greater 
economy of iron. 

The “core type” of three-phase 
transformers is illustrated in Fig. 167. 
With electrical connections of primary 
coils and with chosen positive direc- 
tions as shown by arrows in Fig. 167, 
the fluxes fa, fa, fa in the three cores 
are 120° apart in phase as shown in 


Fia. 165. A three-phase 
shell-type transformer 
with the coils all con- 
nected in a similar 
manner. The saving in 
iron over three single- 
phase transformers is 
slight. Note that in 
Fig. 163 the middle 
coil is reversed. 

Fig. 168. The vector sum © fa © fa is equal to zero, 
which means that no flux is forced out of the iron into 
air, but that at every instant the flux downward (negative) 
in one core is exactly equal to the arithmetical sum 
of fluxes upward (positive) in the other two cores, or that 
with zero flux in one core, the downward (negative) flux in 
one of the other cores is exactly equal to the upward (posi- 
tive) flux in the third core. This is also shown in Fig. 168, 
where the vector sum of fa and fa is exactly equal and 



Fig. 166. Vector diagram of the flux 
relations in the' three-phase shell-type 
transformer shown in Fig. 165. 
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opposite to fa, the vector sum of fa and fa is exactly equal 
and opposite to fa (or fa), and the vector sum of fa and fa is 
exactly equal and opposite to fa (or fa). We see also hereby 
^hat the fluxes fa or fa in the yokes are exactly equal to the 




Fig. 167. The core-type three-phase trans- Fig. *68. The vector dia- 
former. The cross-section area of the gram for the flux relations 

yoke is the same as that of the core. i n core-type three- 

phase transformer of Fig. 
167. 

fluxes fa or fa or fa in the cores, which means that the cross- 
section area of the yoke should be exactly equal to the area 
of the core. 

Prob. 57-4. Draw a vector diagram to represent flux relations 
that would result from reversing the connections of the middle coil 
in Fig. 167, and state in words what you interpret your diagram to 
mean. What will happen to the exciting current and to the value of 
B m in each part of the core and yoke, for the same voltage between 
line wires? 

Prob. 58-4. In the Electric Journal of May, 1913, the follow- 
ing statement is made: “It may be seen that by increasing the 
amount of copper by exactly 50 per cent and the amount of iron 
slightly more than 50 per cent, a three-phase transformer is obtained 
having 50 per cent greater capacity than the original single-phase 
transformer.” Verify or disprove these statements by sketching a 
single-phase transformer for the same voltage and kv-a. capacity 
as two phases of the three-phase transformer of Fig. 167, and making 
a comparison. 
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Prob. 59-4. Draw a vector diagram to illustrate the result of 
combining two harmonically varying and equal magnetic fluxes 
120° out of phase in opposite directions through the same core. 
What is the ratio between the maximum value of the resultant flux 
and the maximum value of either of the components? 

Prob. 60-4. In the Electric Journal of May, 1913, the following 
statement is made: “By increasing the amount of copjxir of a 
single-phase shell-type transformer exactly 200 per cent, and of the; 
iron approximately 150 per cent, a throe-phase shell-type trans- 
former is obtained, having three times the capacity of the single- 
phase transformer.” By study of Fig. 163, attempt to prove or 
disprove these statements. 

Prob. 61-4. Cheek the following statement: “A three-phase 
AA-connectcd shell-type transformer may be operated temporarily 
at 58 per eent of the combined capacity of the three windings pro- 
vided only one phase has been disabled. In such a case, both the 
high-tension and low-tension windings of the disabled phase are 
disconnected from the lines and other phases, and each of these 
windings is short-circuited upon itself.” 

(а) Check the numerical value of 58 per cent stated above. 

(б) Explain why the disabled windings are short-circuited and 
what would result if they were not. 

(c) Why would not the current be excessive in the short-circuited 
coils? 

63. Feeder Voltage Regulators. As explained in Art. 7, 
page 22, it is in general highly desirable that the consuming 
devices shall be served with electric power at constant volt- 
age. But as the pressure drop on the various transmitting 
and distributing lines emanating from a generating station 
will depend upon the length and other features of the in- 
dividual lines, as well as upon the variations of load which are 
peculiar to each line, it is obviously impracticable to adjust 
the voltage at the bus-bars or generator terminals so as to 
compensate for line drop and to maintain approximately 
constant voltage at the service end of every line. One of the 
following remedies must be applied individually to each line 
or feeder, according to its requirements: 

(a) Make the line of such conductivity and spacing that 
the resistance and reactance are low enough to bring the 
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impedance drop on the line within the limits of voltage 
variation permitted between full load and zero load, at the 
given power-factor. 

( b ) Equip each individual transmission line or feeder with 

“feeder voltage-regulator” to boost the voltage on that 
feeder by an amount equal to the impedance drop on the 
feeder. This regulator is usually furnished with means for 
keeping it automatically adjusted at all loads so that the 
service voltage at the end of the feeder is nearly constant. 
The regulator may be located in the generating station, in the 
substation, or on the pole or in the manhole at the service 
point, as is most convenient. 

Often, and particularly in the case of the longer lines or 
feeders, a determination of the most economical size of wire 
(sec Art. 66, page 323) will show that the power can be 
transmitted more cheaply by installing the most economical 
size of wire and adding a feeder voltage regulator to compen- 
sate excessive voltage drop than by installing a wire large 
enough to keep the voltage regulation at the service point 
within the same limits without the feeder regulator. These 
regulators have therefore become very common and practi- 
cally essential in transmissions having considerable power 
capacity or length. 

Feeder Voltage Regulators arc of two types, which may be 
distinguished as the Indugtion type and the Compensator 
type. The operating principle of the former is shown in 
Fig. 169. A primary coil I J P is tapped across the bus-bars 
or the transmission line, and produces alternating flux in the 
iron core cc. This flux induces an e.m.f. in a secondary coil 
SS (which is placed at an angle with PP corresponding to 90 
degrees), provided the core cc docs not happen to lie in the 
same plane with this secondary coil. In the latter event, 
no e.m.f. is induced in SS because the flux is parallel to the 
turns of SS and does not link with them. The secondary 
coil is in series with the transmission line or feeder. If the 
core cc is inclined in one direction through the secondary 
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coil SS the e.m.f . induced therein is in the same direction as 
the primary e.m.f., and the voltage on the load side of the 
regulator is greater than the voltage on the generator side by 
an amount equal to the voltage E 9 which is being induced in 
the secondary coil. If the core cc be turned slightly so as to 
incline oppositely with respect to the plane of SS, while still 



Fia. 169. Diagram 'of a voltage regulator; induction type, 
single-phase. 


approximately perpendicular to PP as before, the e.m.f. E a 
induced in >S/S is in the opposite direction, and the feeder 
voltage becomes ( E p — E a ). With E p and primary current 
growing in direction shown by the arrows, it is as if we thrust 
a north pole (shown by arrows on cc) upward through SS in 
the first case, and downward in. the second case. In either 
case E t is in phase with E p , or at 180 electrical degrees to it, 
and the load voltage ( E p db E 9 ) is the arithmetical sum or 
difference of E p and E, depending on the angular position 
of cc. The value of E 9 will vary with this angle, as more or 
less of the primary flux is made to link with the secondary. 

The compensator type of feeder voltage regulator is shown 
in Fig. 170, where we have a transformer with its primary PP 
connected across the transmission line through a reversing- 
switch a, and taps brought out from varipus points along its 
low-voltage secondary coil SS to contact blocks on a switch 
bJh along which slides a contact arm c. This contact arm is 
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connected to the feeder in such niiiniier that the voltage E a 
induced in the secondary coil between the points b v and c is 
either added to or subtracted from the primary voltage 1 , 
depending upon the position of the reversing switch a. Thus, 
if E a be the maximum voltage that can be had from the 



Kit s. 170. Diagram of a feeder voltage regulator; compensator type*, 
single-phase. 

s(»condaiy with c moved up to b 2 , the limits of load voltage 1 
are (E,, - h E a ), depentling upon which way the 1 switch a is 
t hrown. 

Te> a. void interrupt ion of the* current supply to the load 
(which might cause* severe and destructive sparking or arcing 
at the switch contacts), the contact on the* arm r is made 
broad enough to span two blocks on the switch (>\lh. This 
would result in damage to the secondary SS due* to she>rt- 
cireuiting seane* e)f its turns in moving fremi e>ne* block to 
ane)the*r, if some preventive* were* not employed. One* method 
is te> snap the contact r frejm ejne* block te> the* newt by means 
of a spring se> quickly that ne> arc can be* formed anel ne> fiie*kor 
noticed in the* leniel curre*nt. Another method, shown in 
Fig. 170, is te> split the contact r into twe> parts wliich are cem- 
ne*e*te*el together through a coil, which has sufficient, roactanen 
te> limit, tlie short-circuit current to a small value, anel suffi- 
cient. carrying capacity ne>< te) be injured by passage of the 
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main load current through it. The load circuit is tapped from 
the middle of this coil, and the result is that the useful load 
current flows in equal amount but in opposite directions 
through the two halves of the coil, so that no flux and n^ 
reactance drop arc produced in it by the load currents. This 
device is convenient to use wherever we desire to change from 
one tap to another on any transformer without disturbing 
the circuit. 



Fm. 171. Feeder voltage regulator to be operated by hand. The 
General Electric Co. 

^ig* 171 is a photograph of a two-polc single-phase induc- 
tion-type regulator, similar to that shown in Fig. 169, and 
arranged to be operated by hand. Fig. 172 shows a similar 
regulator arranged to be automatically controlled, and to be 
hung on a pole or placed in a manhole at the load-center or 
at the point where the feeder connects to the consumer's ser- 
vice taps. A contact-making voltmeter automatically closes 
a control circuit when the voltage on the load side of the regu- 
lator reaches a value approximately one-half of one per cent 
above or below the value which it is adjusted to maintain. 
This control circuit operates a small motor in such direction 
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as to move the core c (Fig. 169) or the contact c (Fig. 170), 
and restore the load-voltage to the predetermined value. 

Fig. 173 shows the core and windings of a fairly large singlc- 
mhasc two-pole induction-type regulator. The moving 
element carries the primary coil, because this consists of a 
large number of turns of fine wire receiving full line voltage 
and the connections to it arc 
l hcrcforc light and flexible. With 
this rotor in the position shown, 
no c.m.f. is induced in the sec- 
ondary coil; but if the volt- 
meter and control motor move 
the core clockwise the feeder 
c.m.f. is raised, let us say, and if 
counter-clockwise it is lowered. 

We may easily see, however, that 
when the rotor is in the neutral 
position as here shown, the sec- 
ondary coil surrounded completely 
by iron forms a choking coil 
through which the load currents 
must pass, and the voltage regu- 
lation of the circuit is caused to Fio. 172. An automatic feeder 
be very bad. To prevent this voltage regulator. Pole type, 
difficulty a coil of heavy wire 1 he Gvjwral Electric Co . 
short-circuited on itself is mounted on the drum and fixed 
at an angle of 90 electrical degrees with the primary. When 
the primary is in neutral position, the secondary induces a 
suflicient current in this short-circuited coil to reduce to 
practically zero value the flux and reactance due to the load 
currents in the secondary. 

Fig. 1 74 shows an installation of large stationary induction- 
type feeder regulators in a substation. Fig. 175 shows the 
internal connections of a commercial regulator of the com- 
pensator type, in which the contact blocks AAA on the dial 
switch correspond to the blocks on the switch & 1&2 of Fig. 170. 
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Each of two adjacent blocks is touched by a number of 
contact fingers which differ but slightly in length. F~ 
contact finger is attached to a collector ring on the movi 



Fici. 173. Section of winding and core of single-phase induction 
regulator. The General Electric Co. 


drum, and these rings are all connected in parallel through in- 
dividual preventive-resistances to the feeder circuit as shown. 
When the contacts are at the upper middle position in the 
upper part of Fig. 175, the feeder voltage is exactly the same 
as the generator voltage. Moving the contacts clockwise will 
raise the feeder voltage, and moving them counter-clockwise 
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will lower the feeder voltage by causing the e.m.f. in the left 
half of the secondary, in series with the feeder, to oppose the 
generator e.m.f. The preventive resistances serve the same 
purpose as the coil c in Fig. 170. They do not waste appre- 
ciable power due to passage of load current through them 



Fig. 174. Installation of General Electric automatic induction feeder 
regulators at the Philadelphia Electric Co. 

because, as may be seen in lower Fig. 175, there are four of 
them in parallel connected to each contact-block. 

The compensator type of regulator has the advantage over 
the induction type that the moving element is much easier to 
move and can therefore be moved more quickly, resulting in 
closer regulation or more nearly constant feeder voltage. 
There is a large torque, due to magnetism, resisting movement 
of the rotor in the induction type, whereas in the former the 
resisting torque is due only to friction. The efficiency of the 
compensator type may also be greater due to the fact that 
load currents traverse only as much of the secondary wind- 
ing as may be necessary, instead of all of it; and the power- 
factor of the induction type may be lower on account of the 
air gap in the magnetic circuit, rqeuiring a greater magnetiz- 
ing component of current. 
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The compensator type of regulator is usually built for 
single-phase circuits only, ami must be applied individually 
to the phases of a three-phase circuit. The induction regula- 



(lv ru ral Electric Co. 

tor can easily be built for polyphase circuits merely by 
mounting upon both rotor and stator three windings with 
proper angle between them (see (Tap. IX, First Course), the 
rotor windings being connected together in A or 1’ to the line 
wires, and each stator winding being connected in series with 
the corresponding line wire. The internal actions of a 
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polyphase induction regulator differ in detail from those of 
the single-phase induction regulator. In the single-phase 
type the magnetic flux is fixed in direction and varies har- 
monically in value with time, while the e.m.f. induced in each 
phase of the secondary is in phase with the e.m.f. of the corre- 
sponding phase of the primary. In the polyphase type the 
flux rotates around the axis of the rotor and the stator at an 
angular velocity depending upon the frequency of the primary 
e.m.f. and upon the number of poles for which the windings are 
arranged. The value of the flux is fixed, and the e.m.f. added 
by the secondary winding to each phase of the feeder circuit 
has a phase relation to the impressed e.m.f. which depends 
upon the angular position of the rotor with respect to the 
stator. It is like a wound-rotor induction motor (which see, 
in Chap. VII of this book), in which the rotor is held station- 
ary against the torque which tends to rotate it, and each phase 
of the stator winding is connected in series with one of the 
line wires while the corresponding phase of the rotor winding 
is connected across the same phase of the line. 

Prob. 62-4. Unless specified otherwise, feeder voltage regula- 
tors are usually designed to raise or lower the line voltage by 10 per 
cent. Their rating in volt-amperes is equal to the product of the 
current they can deliver times the amount by which they can raise 
or lower the voltage of this current above or below its normal value. 
Under these conditions, what would be the rating of a single-phase 
regulator for a 100-kv-a. 2300-volt feeder? 

Prob. 63-4. Under the conditions of Prob. 62, what would be 
the kv-a. rating of a three-phase induction regulator for a three- 
wire feeder delivering 100 amperes per wire with 2300 volts between 
line wires? 

Prob. 64-4. Under the conditions of Prob. 62, what would be 
the limiting values of load voltage and current supplied through a 
single-phase induction-type regulator rated 2.3 kv-a. for a 2300- 
volt circuit? 

Prob. 66-4. By use of recording voltmeters attached to the 
lines, the following were observed to be the limiting values between 
which the voltage fluctuated: 

(a) Generator voltage (104 to 119) times 20. 
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( b ) Feeder voltage beyond induction-type regulator (110.5 to 
115) times 20. 

(c) Feeder voltage beyond compensator-type regulator fed from 
same generator at approximately the same time (114 to 116) times 
20 . 

If the candle power of tungsten lamps varies as the 3.63 power of 
the applied voltage, determine the ratio between maximum and 
minimum candle power of a given lamp attached, under the con- 
ditions given above, to: 

(a) the generator directly, 

(b) the induction regulator, 

(c) the compensator regulator. 

Prob. 66-4. Would it be preferable to use a polyphase regula- 
tor or three single-phase regulators under each of the following 
conditions, and why? 

(a) Three-phase balanced circuit feeding polyphase motors 
principally. 

(ft) Three-phase unbalanced circuit feeding lights principally. 

64. The Constant-current Transformer. In supplying 
power to electric lamps for street lighting, it is much more 
economical or less expensive to connect the lamps in series 
than to connect them in multiple or parallel. As in the 
multiple system it is necessary to maintain constant voltage 
across the circuit in order that the addition or extinction of 
lamps shall not affect the current supplied to every other 
lamp in the system, so in the series system it is necessary to 
maintain the current constant in order that the insertion of 
more lamps into the series or the extinction of some lamps by 
short-circuiting them shall not affect the operation of the 
other lamps. 

In the multiple system the voltage across the circuit is 
maintained constant at a value suitable to a single lamp, and 
the copper wire must be heavy enough to carry the sum of 
currents required by all the lamps, with a voltage drop and a 
power loss within limits prescribed in fairly definite manner 
by the quality of service demanded and by the requirement 
of economy in transmission. In the series system the current 
in the circuit is maintained constant at a value suitable to the 
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individual lamp, and the copper wire need be only large 
enough to carry this much current over the given route with 
a power loss not to exceed the economical limit, it being 
unnecessary to consider the voltage drop in the wires as a 
limiting condition in this case. The investment in copper is 
therefore very much less in the series system than in the 
multiple system to supply the same loads, due to the higher 
voltage and lower current. 

Inasmuch as electric power is usually generated and trans- 
mitted at approximately constant voltage, for practically 
every kind of load except street-lighting systems, it is neces- 



Fia. 176. Diagram showing the principle of the constant current trans- 
former. Note the air gap in the transformer core. 


sary to have some device to put in the central station or in a 
conveniently located substation which shall be able to take 
power alb constant voltage (variable current) and deliver it at 
constant current (variable voltage). Such a device is called 
a “constant-current transformer,” and is to-day a very 
common piece of equipment. The principle of operation is 
shown in Fig. 176, where we have a primary coil P, connected 
to a constant-voltage a-c. generator G , and mounted on the 
same iron core with a secondary coil S which is connected to a 
series circuit of lamps L. The magnetic circuit has an air 
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gap in it between P and S, as indicated on the middle limb or 
core of the transformer. As we vary the impedance of the 
external part of the secondary circuit by opening or closing 
the switches C which short-circuit the lamps L, we find that 
the relative variation of current in the secondary is very much 
less than it would be if there were no air gap in the magnetic 
circuit of the transformer (i.e., if it were like an ordinary 
constant-potential transformer) . 

The reason why an air gap interposed in the magnetic 
circuit between the primary and secondary coils causes the 
transformer to be self-regulating for approximately constant 
current rather than for approximately constant voltage 
should be fairly clear after a careful study of Article 41, page 
1G4. For the total flux generated by the primary current 
there are two paths which are magnetically in parallel, 
namely, the path of the mutual flux <f> M which links both P 
and S, and the path of the primary leakage flux <f> P which 
links with all or part of the primary without linking the 
secondary. There is a similar parallel path for the secondary 
leakage flux 0s. Now, in the ordinary transformer the 
reluctance of the all-iron path of the mutual flux <f> M is so low 
in comparison with the reluctance of the part-air path of the 
leakage flux <t> P that most of the flux which threads the 
primary coil and induces the counter e.m.f. in it also threads 
the secondary coil and induces e.m.f. in it; that is, is a 
very large part of the total primary flux (<f> M -|- 0 P ) when 
there is no air gap in the magnetic circuit. But when we 
introduce such an air gap, the reluctance of the path of <j> M 
becomes more nearly equal to the reluctance of the parallel 
path of <t> Pf and the same total flux (0 A/ <f> P ) redistributes 

itself so as to make <j> P larger and 4> M smaller. As the value 
of e.m.f. induced in the secondary coil depends directly upon 
the amount of 0 a/, we see that the presence of the air gap 
results in a very poor voltage regulation at the secondary 
terminals. That is, a given reduction of impedance in the 
secondary circuit produces a much less increase of secondary 
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current than before the introduction of the air gap, because 
of the greater decrease of secondary voltage due to the gap. 

Apparently, therefore, a transformer must be designed to 
have large leakage reactance and bad voltage regulation in 
order to regulate itself for approximately constant current. 
This is, in fact, true for generators also. Fig. 177 illustrates 



Fig. 177. Curves showing practically constant-current regulation of 
transformer which has bad voltage regulation. Note that whatever 
the impedance Z 3 may be, the current I remains practically the same 
when the voltage has the characteristics of curve E 8 . 

the general relations. The ordinates of curve E\ represent 
terminal volts and abscissas represent corresponding amperes 
output of a generator or transformer having zero per cent 
voltage regulation (absolutely constant voltage). The ordi- 
nates of curve Z\ represent impedances corresponding to 
various values of current (abscissas) and are obtained by 
dividing the ordinate on E i (volts) by the corresponding 
abscissa (amperes). Similarly the ordinates of curve Z 2 
represent impedances of the external secondary circuit of a 
transformer which has rather poor voltage regulation as 
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shown by the pronounced slope of the voltage curve E 2f and 
the ordinates of curve Z * represent external impedances for a 
transformer having extremely bad voltage regulation as shown 
by curve E$, From the curves of Fig. 177 we find that while 
Z is increasing over the interval from 1 to 3 units in all cases 
(it is immaterial what scales we choose for ordinates and 
abscissas, for volts or ohms and for amperes), / varies from 

3 \ 

a value of 3 to a value of 1, or over a range of — g — or 67 per 

cent in the case of the transformer ( E\ ) having perfect voltage 
regulation; I varies from 2.45 to 0.95, or over a range of 61.2 
per cent in the case of a transformer (E 2 ) having somewhat 
poorer voltage regulation; and I varies from 0.75 to 0.5 or 
over a range of 33 per cent in the case of a transformer (i? 3 ) 
having very bad voltage regulation. 

In the common commercial types of constant-current trans- 
former the method for obtaining constant-current regulation 
is somewhat different. Thus, in Fig. 178 the lower (primary) 
coil is stationary, while the upper (secondary) coil is free to 
move along the iron core, which has no air gap in it. The 
secondary is suspended from counterweights by cords which 
run over wheels or grooved sectors as shown in Fig. 178. 
These sectors are so shaped or adjusted that with the second- 
ary coil in any position along the core the difference between 
the weight of the suspended coils and the lifting effort exerted 
on them by the counterweights is exactly equal to the mag- 
netic repulsion between the primary coil and the secondary 
coil when carrying the current which the transformer is ad- 
justed to maintain. If the impedance of the external circuit 
be reduced by short-circuiting any part (or even all) of the 
load, the resulting momentary rise of current will increase 
the repulsive force between coils and lift the secondary. As 
the secondary moves away from the primary the reluctance 
of the leakage paths decreases and the leakage flux increases, 
thereby reducing the mutual flux and the secondary induced 
voltage corresponding to constant primary impressed or 
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counter e.in.f. The secondary coil will move upward and the 
secondary voltage will be thus reduced at the same time until 



Firs. 178. A <>0-evel<-, 20 KV-A., 2200-volt, 5.5-amp., ee>nstant-curre*nt 
transformer of the* commercial typo. Note* that instead of the air gap 
in the core, tho secondary coil is free to move along the? core, and 
thus increase* or decrease the leakage, flux. The General Electric Co. 

the c*oil finds itself in a position where there is again equilib- 
rium between the forces act ing, which will be when the current 
is restored to its former value. The current for which the 
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transformer regulates itself may be adjusted over a certain 
range by changing the amount of counterweight. Manu- 
facturers commonly guarantee these transformers to regu- 
late within i per cent above or below rated current, from 
no load to full load. 

The constant-current regulation is thus obtained by auto- 
matically increasing the leakage reactance in just sufficient, 
amount to compensate any decrease of external (secondary) 
impedance, or vice* versa. As the secondary ampere-turns 
ar<^ maintained constant, the primary ampere-turns and 
amperes will also be constant except, for the change in tin* 
magnetizing component of current. The* primary impressed 
voltage being maintained constant, it follows that the power- 
factor of the primary will vary in direct proportion to the 
total watts output of 11 k* secondary. Heavier load means 
larger impedance in the' secondary external circuit, higher 
voltage at the secondary terminals, P and S coils closer 
together, and higher power-factor in the primary circuit, with 
practically no change in the copper loss and a slight increase 
of the iron loss (due to reduction of leakage flux and corre- 
sponding increase of mutual (lux in the all-iron magnetic 
circuit). 
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Fig. 180 represents the simplest possible connections of a 
constant-current transformer to the power supply and to the 
load circuit. Lightning arresters (see Fig. 175 in First 
Course, and Art. 89 of this book) are considered to be an 
essential part of the equipment because the external circuit 
is out of doors. Instrument cases are grounded to avoid 



Fin. 170. The connections fora 
constant-current transformer 
like that in Fig. 178, having 
double coils and supplying two 
series circuits. The General 
Electric Co. 


Fig. 180. Simple connections for 
a constant-current transformer 
with a single coil and supply- 
ing but one circuit. The Gen- 
eral Electric Co. 


potentials on them which might endanger the life of the 
station attendant who touches them. When the secondary 
circuit contains a very large number of lamps it is sometimes 
considered preferable to divide it into two circuits, and the 
primary and secondary coils may also be divided into two 
parts each. This is shown in Fig. 179, which corresponds to 
Fig. 178. Either external circuit may be “ killed” by insert- 
ing the plug in the switch which short-circuits that series 
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and then removing the plugs from the switches which dis- 
connect the line wires from the short-circuited secondary. 

Prob. 67-4. How many series incandescent lamps, each rated 250 
candle-power, 170 watts, 25.7 volts, 6.6 amperes, spaced 200 feet apart 
and connected by No. 6 copper wire, can be supplied by a 16-kv-a. 
transformer whoso characteristics arc as given in Table VI? Con- 
sider the lamps and line to be non-inductive. Frequency 60 cycles. 

Prob. 68-4. If the transformer of Prob. 67 is fed from 2300- 
volt constant potential mains, calculate: (a) Secondary terminal 
voltage at full load (rated size being considered to refer to kv-a. 
output). ( b ) Primary amperes input at full load. 

Prob. 69-4. Assuming the load of the 4-kv-a. transformer of 
Table VI to be entirely non-inductive, draw curves having watts 
in external circuit as abscissas, and as ordinates the following: 
(a) Secondary terminal voltage at 4 amperes ; (6) magnetizing com- 
ponent of primary current, in amperes. Primary voltage is 2300. 

Prob. 70-4. From the data given for the 12-kv-a. transformer 
in Table VI, assuming the load to have unity power-factor, calcu- 
late the following: (a) total watts loss at 1, f, \ and J times rated 
load; (6) constant or copper loss; (r) variable or iron loss at C f, \ 
and J times rated load. 

Prob. 71-4. From data given in Table VI for the 8-kv-a. 
transformer, assuming it to be rated and adjusted for 4 amperes 
secondary and 2200 volts primary, calculate the equivalent primary 
reactance due to magnetic leakage at 1, f , b and \ times rated load. 
Power-factor of load is unity. 

66. Instrument Transformers. Series Transformers. 

In alternating-current systems the measuring instruments 
(as vQltmcters, ammeters, wattmeters, watt-hour meters, 
power-factor meters) and the limit devices (as relays for 
operating circuit breakers to guard against overload, low 
voltage and reverse current or power) are not usually con- 
nected directly to the power circuit, but arc linked thereto 
by “instrument transformers, 77 more commonly known as 
“potential transformers 7 7 and “current transformers. 77 The 
most important function of these transformers is to insulate 
electrically from the high-tension circuit the measuring in- 
strument and the relays, which are on the switchboard and 
may be touched by the attendants. Aside from considera- 
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tion of the personal safety of the operators, it would be too 
expensive and usually impracticable to insulate the parts of 
the instruments for high voltage. It is preferable to put tin; 
insulation into instrument transformers and to use* instru- 
ments insulated for low voltage only. Furthermore, by use 
of instrument transformers of various ratios we are enabled 
to standardize our equipment of instruments, using generally 
110-volt voltmeters, and o-ampere ammeters or wattmeters, 
through transformers of suitable ratio, to read pressures, 
currents, or powers of any magnitude. 

The* met hot! of using such transformers is illustrated in 
Fig. 170. A potential transformer has its high-tension coil 
shunted across the primary mains at, say, 2300 volts. Tin* 
low-tension coil, probably 110 volts, connects to the pressure 
coil of the watt-hour meter. ( We might also connect in paral- 
lel to the same trans- 
former a voltmeter and 
the pressure coil of a 
wattmeter or a power- 
factor meter.) In series 
with the supply mains 
shown in Fig. 170 is 
a current transformer, 
having its secondary 
connected to the cur- 
rent coil of the watt- 
hour meter (we might 
also connect, in series to 
the same current-trans- 
former secondary, an 
ammeter and the current 
coil of a wattmeter or of 
a power-factor meter). 

Notice that the low-tension circuits of instrument, trans- 
formers, as well as the cases of instruments, arc' usually fur- 
nished with a good electrical connection to earth. 



Fin. 181. 200-watt, potential trans- 

former. I VntjHvr Electric Co. 
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Instrument transformers are of small power capacity, — 
from 15 to 200 volt-amperes, depending upon how many in- 
struments are to be operated or upon the amount of power 

required to operate relays. 
The voltage ratio of potential 
transformers, or the current 
\ ratio of current transformers, 

' usually remains practically 
constant for all voltages or cur- 
rents, respectively, under the 
Fra. 182. Stationary current ra ^ c( j Vtt lue, and for outputs 
transformer. Westing house Elec- . . . , , . . - . . 

trie and Mfg. Co. lcss than ratcd wattage of the 

transformer, regardless of what 
particular instruments may be used on the low-tension side. 
It is preferable, however, to have each instrument or group 
of instruments calibrated and used in connection with a par- 
ticular transformer, if greatest accuracy is desired. Fig. 181 
shows a potential transformer of rather large size (200 volt- 
amperes) wound for 110 volts low-tension with cither 1100 


■ tj JHB 



Fig. 183a. Portable series or current transformer. W es ting house Elec- 
tric and Mfg. Co. 


or 2200 volts high-tension, depending on whether the two 
high-tension coils are connected in parallel or in series. It 
is intended to be bolted to some convenient point of the 
framework which supports the main conductors. 
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Fig. 182 shows a current transformer, of wiiich the primary 
PP is connected in scries with the high-tension conductors 
and the secondary terminals SS are connected to ammeters, 
relays and current coils of watt- 
meters, all in series with one 
another (never in parallel). Fig. 

183a and 183b shows a portable 
testing outfit consisting of a 
“split-type” current transformer 
connected to an ammeter. A part 
of the magnetic circuit is cut out 
and attached to the remainder by 
a hinge, so that the transformer can 
be opened and damped around any Fkj. 183b. Transformer of 
cable or bus bar, permitting the cur- Kig. 183a shown rmdy for 

rent to be measured without dis- inserting cable, 
turbing the circuit in any way. If the primary circuit passes 
once through the hole in the core, it is equivalent to a single 
turn starting from the generator or l)us bar and returning 
thereto; if the conductor passes through the core twice, it 
is equivalent to a primary of two turns, and so on. Although 
convenient to use, the split type has poor characteristics. 

When we arc measuring only amperes or volts, the accuracy 
depends principally upon the constancy of the ratio of the 
current transformer or of the potential transformer. When 
these transformers actuate wattmeters, however, a factor of 
even greater importance than the ratio is the phase difference 
between primary and secondary terminal voltages of the 
potential transformer, or between primary and secondary 
currents in the current transformer. The calibration curves 
of Fig. 184 refer to the type of current transformer illustrated 
in Fig. 182 and show that the variations from t)ic ideal con- 
dition of constant ratio and zero (or 180°) phase displace- 
ment, though small, are quite appreciable. The transformers 
are often “compensated” (adjusted to give exact ratio and 
180° phase displacement between primary and secondary) at 
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about Go per cent of their rated capacity. In the case of the 
current transformer, particularly, the ratio of transformation 
for currents is not equal to the ratio of turns in the primary 
and secondary coils. 

It is important to know how the current transformer 
adjusts its secondary current to the current flowing in the 

primary or main cir- 
cuit. Necessarily it is 
designed so that the 
resistances and react- 
ances of primary and 
secondary coils are 
very low; thus, when 
the secondary is con- 
nected through meters 
and relays whose im- 
pedances are low, the 
voltage drop across the 
primary is so small that 
it has no effect upon 
the primary current flowing, the value and wave form of 
which depend, therefore, upon the load itself and upon the 
generator. A given number of amperes flowing in the line 
will produce a certain number of ampere-turns of m.m.f. 
acting in the primary of the transformer. A flux will be 
produced, generating an e.m.f. in the secondary coil, which 
produces a current, in the secondary circuit if it is closed, 
as it always should be. As in the secondary current in- 
creases, the m.m.f. due to it increases, and as this m.m.f. 
is opposed to the primary ampere-turns, only the vector 
difference between the primary and secondary ampere-turns 
is available to excite or magnetize the core. For any given 
primary current, therefore, the secondary current will 
increase only to such value as can be maintained by the 
secondary e.m.f. induced by the flux produced by the vector 
di (Terence between the primary ampere-turns and the 



Fi<;. 184. Characteristic curves of current 
transformers. The power-faetor here re- 
ferred to is that of the load on the enr- 
rent transformer itself. Wealing house. 

Electric anti Mftj. ('o. 
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secondary ampere-turns. When this value has teen reached 
there will be no further tendency for the secondary current 
to rise, and we shall have equilibrium. 

From the foregoing it may be seen that the value of 
secondary current corresponding to a given value of primary 
current, or the current ratio of the series transformer, will 
depend upon: 

(а) The impedance of the secondary circuit. If this im- 
pedance be increased, the secondary current cannot increase 
to as large value as formerly for the same primary current, 
because a larger secondary e.m.f. must be induced per 
ampere of secondary current on account of the larger imped- 
ance, and therefore there must be a larger flux and larger 
magnetizing component of primary ampere-turns per ampere 
of secondary current. The same total primary ampere-turns 
cannot therefore produce as many secondary ampere-turns 
as formerly. Incidentally, the flux density in the core must 
increase as the secondary impedance increases, therefore the 
core losses will be greater and the temperature of the trans- 
former will rise; also, there will be a greater voltage drop 
across the primary coil, and, as this is in series with the line, 
the voltage regulation of the load may be appreciably poorer. 

(б) The design of the magnetic circuit. The flux density 
must not be allowed to reach excessive values under 
operating conditions. The cross-section of iron must be 
relatively larger than demanded by good practice in other 
types of transformer, to allow for relatively wide variations 
without approaching the knee of the saturation curve; and 
the number of turns must be large enough in both primary 
and secondary so that a small vector difference between 
the m.m.f.’s due to the currents in these coils will produce 
relatively large net magnetizing force. If these principles are 
violated, the current ratio will vary greatly as the primary 
current varies. 

(c) The power-factor of the secondary circuit, or the ratio 
between reactance and resistance of instrument coils or 
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other loads connected thereto. The flux, secondary induced 
c.m.f. and secondary current are produced by the vector 
difference between the primary ampere-turns and the sec- 
ondary ampere-turns, and as the ratio of X to R in the 
secondary circuit increases, the load component and the 
exciting component in the primary come more nearly into 
phase with the total primary current, or more nearly into 
phase with each other. This results in a smaller secondary 
current for the same total primary current, and therefore in 
a larger current ratio for the transformer (the ratio of an 
instrument transformer being understood always to mean the 

number by which the instru- 
7 P ment indication is to be mul- 
tiplied in order to find the cor- 
responding value for the primary 
or high-tension circuit). 

If the student is unable to 
construct for himself vector dia- 
grams to illustrate the deductions 
stated above, Fig. 185 to 188 will 
assist. Fig. 185 shows the ordi- 
nary relations for a current trans- 
former having ratio of 2:1 — 
that is, such that the mains carry 
2 times the current that flows 
through the secondary or the in- 
y , struments connected in series 

E ® thereto. When a current I p am- 

Fio. 185. Current, flux and pere8 forced through the pri- 
voitage relations in a 2: 1 cur- a 

rent transformer. flux * automatically 

adjusts itself as to value and phase 
(in a way which depends upon the design of the magnetic and 
electric circuits) in such manner as to induce a secondary 
e.m.f. Eg sufficient to force a current Is against the total 
resistance and reactance of the secondary circuit. Is must 
be such that when the corresponding (equal opposing) 
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ampere-turns Up times number of turns in primary) arc sub- 
tracted vectorially from the total primary ampere-turns due 
to Ip, the difference (/&• times number of primary turns) is 
just sufficient to produce the flux 0, according to the design 
and operating characteristics of the magnetic circuit. 

When Fig. 180 is compared with Fig. 1.85, we sec the effects 
of changing the current Ip in the primary circuit to half of 
its former value, keeping the secondary cir- 
cuit unchanged. As the power component 
of Ip decreases approximately as the square 
of 0 or E’ s , while the magnetizing compo- 
nent of Ip (in phase with 0) decreases in 
nearly direct proportion to 0, we reason that 
I'p will be greater than half its former value, 
and Ip will be more nearly in phase with 0 
and therefore further out of phase with Is 
because Ip is more nearly in phase with 0. 

Wo see therefore why it is that in Fig. 184 
a decrease in primary current increases tin? 
current ratio (of Tp to Is, or of Ip to I'p) 
and also increases the phase displacement 
of Is (<>r of I'p) with respect, to I /.. 

Comparing now Fig. 187 with Fig. 185, 
we see the effect of increasing the total im- 
pedance of the secondary circuit by approximately 50 per 
cent, with the same ratio of X to It in the secondary and 
the same current {Ip amperes) in the primary. E$ must 
be considerably increased notwithstanding Is is slightly re- 
duced. While 0 must be increased in proportion to E's, the 
magnetizing component of Ip must increase approximately 
in simple proportion to 0, and the power component of 
1 E approximately as the square of 0 (set' Art. 38); there- 
fore Ip will increase relatively somewhat more than 0 and 
will be further out of phase with 0. As a result, I' P and Is 
will be somewhat less than before for the same value of Ip; 
the current ratio of the transformer Up + Is) will be greater, 


Fin. ISO. Current, 
flux and voltage 
relations in t-lic? 
current trans- 
former of Fig. 
ISO, when this 
primary current 
is halved. 
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and the phase displacement between Ip and Is will probably 
be somewhat reduced. 

Comparing Fig. 188 with Fig. 185, we sec the effect of 

increasing the ratio of X to 72, 
or lowering the power-factor, 
in the secondary circuit, while 
keeping unchanged the total 
secondary impedance and the 
primary current Ip. In gen- 
eral the result is that Is and 
Ip are brought into closer phase 
correspondence with Ik and 
4* therefore with //», causing the 
ratio (Ip I s') to be* increased 

and the phase displacement, to 
be reduced. These facts also 
are verified by the characteristic 
[Ep curves in Fig. 184. 

The secondary circuit of a 
series transformer, especially of 
an instrument transformer of 



series type, should never be 
IT' opened. If changes of connec- 

Fi< j. IK7. < 'urivnf, flux and volt- tions must be made, first place 
lvlnt.ions in tin* current a short circuit across the sec- 
trnnsfonner of tig. 1S;> when onc | ar y terminals. The trails- 
thcinipedanet* of the secondary r ,, , , 

. * i . ,. r r former usually is arranged to 

circuit is increased about air/c- . 

give a small value of secondary 

current for a very much larger value of primary current, 
say, in the ratio of 5 amperes to 500 amperes. In this c:ise, 
the secondary must have nearly (though not exactly) 100 times 
as many turns as the primary. When the secondary circuit is 
opened there* is no Is and no counter m.m.f. in the magnetic 
circuit; consequently, all of the ampere-turns due to Ip go to 
magnetize the con'. Thus, in Fig. 185, Is and Ip would be 
reduced to zero, and Ik would become equal to Ip. The flux 
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would thereby be increased enormously, and as a result of 
this the secondary induced e.m.f. E s would likewise be in- 
creased enormously — 
probably to a value 
great enough to kill the 
person who handled the 
secondary. We may 
also consider that the 
primary acts merely as 
a choke coil when the 
secondary is opened and 
the counter m.m.f. is 
reduced to zero; the 
voltage drop E P across 
the primary is increased 
to a considerable value 
on account of the in- 
crease of <f>, and for 
every single volt in- 
crease of E' P , we have 
100 volts (in this case) 
increase of E s . More- 
over, the core losses go 



Fkj. 188. Current, flux and voltage rela- 
tions in the current transformer of Fig. 
185, when the power-factor of the second- 
' ary circuit has been lowered. 


up very much faster than the flux 
and flux density; consequently, the transformer very soon 
becomes overheated. 


Prob. 72—4. A split-type current transformer like that shown 
in Fig. 183 has a rating of 400 amperes to 5 amperes, when the pri- 
mary circuit passes once straight through the hole in the core. Ap- 
proximately what will be the reading on an ammeter with 5-amperc 
range connected to the secondary terminals, when a primary circuit 
carrying 80 amperes passes 4 times through the core? 

Prob. 73-4. How many times should the primary circuit be 
passed through the core in the transformer of Prob. 72, in order that 
an ammeter of 5 amperes range may indicate in the middle of the 
range when used to measure a current whose value is 100 amperes? 

Prob. 74-4. A current transformer of 20 : 1 ratio and a poten- 
tial transformer of 20 : 1 ratio are iwed with a wattmeter rated 5 
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amperes, 150 volts, 750 watts, (a) What are the largest permis- 
sible values of current and e.m.f. in the primary circuit? (6) 
Neglecting phase displacements due to the transformers, calculate 
what number of kilowatts will be indicated by the wattmeter when 
the primary circuit delivers 80 amperes at 2200 volts (single-phase) 
and 80 per cent power-factor? ' (c) What power in the primary 
circuit will be thus represented? 

Prob. 76-4. A polyphase wattmeter consisting of two distinct 
single-phase wattmeters combined in one case and using a single 
moving system is connected to a three-phase three-wire circuit 
according to the two-wattmeter method for measuring power (see 
Art. 41, First Course), using instrument transformers. If each of 
the two pressure coils in the wattmeter is rated 150 volts, and each 
of the two current coils is rated 5 amperes, what should be the ratio 
(nearest larger multiple of 5) of each potential transformer and of 
each current transformer to measure 200 kw. with 6600 volts be- 
tween line wires, at a power-factor of 85 per cent? 

Prob. 76-4. (a) If we desire to mark a new scale showing pri- 

mary kilowatts over the natural or true scale of the wattmeter 
of Prob. 75, what factor relates the two scales when using these 
instrument transformers? 

( b ) If the phase displacement in the current transformer is 30 
minutes (of electrical or time angle) while the ratio is correct as 
given in Prob. 75, what would be the apparent kw. in the primary 
circuits when the power delivered is really 200 kw.? Assume the 
errors of the potential transformer to be negligible. 

66. Series Transformer for Lighting Circuits. The num- 
ber of lamps in a single series street-lighting circuit is com- 
monly made large enough to require 5000 to 7500 volts. 
Many mishaps have demonstrated that such circuits must be 
kept well out of the way so that there shall be no likelihood of 
people touching them. Thus, it is bad practice to bring an 
underground series circuit up into the base of a lamp-post, 
where the cut-out block may be touched, or to light a fire- 
alarm box, a police signal box, or a letter box from a series 
circuit. Sometimes, also, it is desired to place a few incan- 
descent lights in a building where the nearest available power 
supply is a series street-lighting circuit. For all such cases it 
is possible to obtain a low-voltage series circuit taking power 
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from the high-voltage series circuit although electrically insu- 
lated therefrom, by means of a specially designed type of 
series transformer. 

Such series transformers are manufactured in sizes from 40 
to 2000 watts to change from one to another of any of the 
standard values of current 
for series circuits. Fig. 189 
shows an outline of one of 
these transformers and the 
electrical connections. The 
secondary current is main- 
tained in very nearly fixed 
ratio to the primary current, 
in the manner explained in 
Art. 65 for instrument 
transformers. Consequent- 
ly the secondary current is 
maintained as nearly con- 
stant as the primary current 
by the same regulating 
mechanism, such as a con- 
stant-current transformer. 

However, the secondary 
circuit is electrically insu- 
lated from the primary, and 
no injury can result to a 
person touching the second- 
ary, regardless of what conditions may exist on the primary 
circuit. If the secondary circuit is opened, the voltage is pre- 
vented from rising beyond a safe value by reason of the pecu- 
liar construction of the magnetic circuit. The sectional area 
of the core is contracted at several points so that when the 
counter m.m.f. due to secondary current is reduced to zero, 
the primary ampere-turns cannot produce an excessive 
amount of flux on account of saturation of the core at these 
contracted parts. Thus, the curve in Fig. 190 shows that 



Fig. 189. Scries transformer for 
street lighting. A secondary series 
current of low and safe voltage is 
obtained and regulated to constant 
current by the main or primary 
circuit although it is electrically in- 
sulated therefrom. The General 
Electric Co. 
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although the transformer regulates to within about 2 per cent 
of constant rated current up to normal full load or 100 per 



Rg. 190. External characteristics of the transformer of Fig. 189, show- 
ing that it regulates within 2 per cent of constant current between full 
load and no load although the voltage is not over 150 per cent of normal 
when the secondary circuit is opened. Full-load secondary voltage 
is taken as normal voltage. 

cent of rated secondary voltage, the open-circuit voltage of 
the secondary is not over 155 per cent of normal or full-load 
voltage. 

Prob. 77-4. A series arc-lighting circuit is fed from a constant- 
current transformer the primary of which has one-fifth as many 
turns as the secondary, and takes power from 2300-volt constant- 
potential single-phase 60-cycle mains. If you were to break the 
secondary circuit at any place and hold the broken ends in your 
hands, what e.m.f. would act upon your body? 

Prob. 78-4. A 22-kv-a. constant-current transformer with 
characteristics as given in Table VI delivers its rated full load 
at 4 amperes to a single series incandescent-lamp circuit. Con- 
sidering the secondary circuit to be non-inductive, calculate: (a) 
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Terminal voltage of secondary circuit. (6) What e.m.f. would act 
upon the body of a man who while standing on ground torched a 
point distant from one end of the line & of the total number of 
lamps, while the line is grounded by rubbing against the limb of a 
tree at a point distant from the other end of the line J of the total 
number of lamps? The resistance of the latter ground connection 
is 1000 ohms and the resistance of the man’s person from hand to 
ground is 15,000 ohms. 

Prob. 79-4. Assuming that the curve of Fig. 190 represents 
the performance of a 1000-watt transformer, and that the load is 
non-inductive, draw to scale curves having as abscissas the wattage 
in secondary circuit and as ordinates the following: (a) Voltage 
across secondary terminals. ( b ) Resistance of secondary external 
circuit. 

Prob. 80-4. If the primary current of the transformer in Prob. 
79 is the same as the normal secondary current, namely 5.5 amperes, 
calculate what must be the approximate equivalent impedance of 
the transformer when the secondary circuit is opened. 



SUMMARY OF CHAPTER IV 

TRANSFORMERS ARE SAID TO BE “ BANKED » OR IN 
PARALLEL when their primaries are connected in parallel to 
the same line and their secondaries are connected in parallel 
to the same bus-bars. Lower total kilovolt-ampere capacity is 
required for the same load and better all-day efficiency is 
secured than when transformers are operated independently. 
The cost of low-tension transmission system and the character- 
istics of the connected apparatus limit the extent to which this 
banking can be successfully and economically carried. A dis- 
advantage is that an accident to one transformer will generally 
interrupt the service from the others in the bank. 

PROPER CONDITIONS FOR PARALLELING TRANS- 
FORMERS. 

(а) The ratio of primary to secondary voltage should be the 
same for all transformers in the bank and the terminals of 
similar polarity only should be connected together. Otherwise, 
large local currents will flow whether or not the transformers 
fLre connected to a load, and the load will be poorly distributed 
among the transformers. 

(б) The percentage of impedance should be approximately 
the same for all the transformers. Otherwise, the transformers 
with the lower impedance will be compelled to carry more than 
their share of the load. 

(c) The ratio of the resistance to the impedance should be the 
same for each transformer. Otherwise, a larger transformer 
kv-a. capacity than that of the load will be necessary. The 
distribution of a load between two transformers A and B is 
according to the equation 

Kv-a. in B % impedance of A Rated kv-a. of B 
Kv-a. in A ~~ % impedance of B Rated kv-ju of A 

THE HIGH-TENSION TERMINALS OF A TRANSFORMER 
ARE MARKED A and J3. The low-tension terminals are 
marked X and Y with the positive direction from X to Y if the 
positive direction in the high-tension aide is from A to B. 

TO TEST POLARITY OF TRANSFORMER TERMINALS 
connect a low-tension coil in series with a high-tension coil and 
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note by voltmeter reading whether the voltage across the com- 
bination is lower or higher than the voltage across the high- 
tension coil alone. If higher, unlike poles (It and JT, or ML 
and 1') are connected. 

AN AUTOTRANSFORMER has the secondary winding 
partly in series with the primary winding. Part of the load to 
the receiving circuit is supplied directly from the supply 
circuit, the remainder is supplied indirectly through the second- 
ary windings. The ratio of the voltage between the high- 
tension terminals to the voltage between the low-tension 
terminals is approximately equal to the ratio of turns in the 
windings between the respective terminals. In the form of an 
equation 

Ki. V,/ 

The ratio of the current in the high-tension coil to the current 
in the low-tension coil equals the ratio of the low-tension volt- 
age to the high-tension voltage minus the low-tension voltage. 

The advantage of autotransformers lies in the greater 
efficiency and lower cost for the same capacity. These ad- 
vantages are very marked if the ratio approaches unity. 

The chief objection to autotransformers is the fact that 
greater danger to life and property is incurred because the 
low-tension coil is electrically connected to the high-tension 
coil. 

TRANSFORMERS ON POLYPHASE SYSTEMS present 
the following problems: 

(a) Transformation from 2 or 3 phases at a given voltage into 
the same number of phases at some other voltage. 

( b ) Transformation from 2 or 3 phases at a given voltage into 
a different number of phases at the same voltage. 

(r) Transformation from 2 or 3 phases at a given voltage into 
a different number of phases at a different voltage. 

(f/) Polyphase transforming systems which cannot be oper- 
ated in parallel. 

(<?) Systems in which all phases are housed in a single “ poly- 
phase transformer ” as distinguished from polyphase trans- 
forming systems consisting of aggregates of separate single- 
phase transformers. 

TO CHANGE THREE-PHASE AT ONE VOLTAGE INTO 
THREE-PHASE AT ANOTHER VOLTAGE by the use of three 
separate transformers, four combinations are possible. 
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(a) High-tension coils IT-connected; low-tension coils IT- 
connected. 

(ft) High-tension coils IT-connected; low-tension coils A- 
connected. 

(c) High-tension coils A-connected; low-tension coils JT- 
connected. 

(tf) High-tension coils A-connected; low-tension coils A- 
connected. 

It is possible to transform from one three-phase voltage to 
another three-phase voltage by the use of but two transformers. 
This is called an OPEN-DELTA OR A V -CONNECTION. Each 
transformer of a F-connected group must have 57.7 per cent of 
the total capacity of the three-phase load when balanced. 

TO TRANSFORM THREE PHASES TO SIX PHASES. 
Three methods are possible. The first two are in common 
use for supplying six-ring synchronous converters with power 
from a three-phase line. 



(1) Diametral ar- (2) Double-delta. (3) Ring connce- 

rangemont . (inn. 


TO TRANSFORM TWO-PHASE TO THREE-PHASE or 
vice versa, two similar transformers with a Scott or T-connection 
are used. If this diagram represents autotransformers, two- 



Scott connection. 


phase power is put in at ab and e<l, while three-phase power 
is taken out at ah, be and ea; or vice versa. 

The diagram may also represent secondaries of ordinary 
two-coil transformers. 
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In the latter case, the transformer ab must have capacity 
equal to 57.7 per cent of the total kv-a. of three-phase power de- 
livered, and the other transformer 50 per cent, total 107.7 
per cent. 

IF SEVERAL BANKS OF TRANSFORMERS ON THE 
SAME SYSTEM ARE CONNECTED IN PARALLEL on one 
side, then to connect the other sides in parallel the connections 
must be such that the voltage between any two lines on this side 
will have the same phase in all the banks. From this relation 
result the following rules: 

(a) With Y Y on one bank, the other must be YY or A A. 

(b) With I"A on one bank, the other bank must be KA or A 1'. 

(c) With A JTon one bank, the other bank must be A r or 1'A. 

(<l) With A A on one bank, the other bank must be A A or Y Y . 

Even when these relations are satisfied a short-circuit will 

result unless the three phases of each bank are connected in 
the proper sequence. (American Handbook for Electrical 
Engineers.) 

THREE-PHASE TRANSFORMERS ARE CONSTRUCTED 
by combining parts of the magnetic circuits of three single- 
phase transformers so as to form a single structure. A saving 
of approximately 16 per cent in the amount of iron required per 
kilovolt-ampere of three-phase power transformed and an 
increase in efficiency of from 0.16 to 0.40 per cent, as well as a 
very substantial reduction in the floor space required per kilo- 
volt-ampere of transformer capacity, may be accomplished. 

There are three types of three-phase transformers, — core- 
type, shell-type and hexagonal type. 

FEEDER VOLTAGE REGULATORS are used to keep the 
voltage constant within % per cent at any one point in a line over a 
wide range of loads. There are two forms of this device, — 
the Induction type and the Compensator type. 

In the induction regulator, the current from the line is used 
for setting up an alternating flux in a movable core. This core 
can be swung either manually or automatically into such a 
position that the flux in it induces an alternating e.m.f. in a 
secondary coil which is in series with the line. This induced 
e.m.f. can be made to “ boost ” or “buck” the line voltage 
sufficiently to keep the terminal voltage constant. 

The compensator regulator is merely an autotransformer 
with the secondary in series with the line. Taps from various 
points on the secondary allow the amount of “ boosting ” or 
“ bucking ” to be controlled by means of a special switch with 
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sliding contact. This type is more rapid in action and more 
efficient than the induction type. 

A CONSTANT-CURRENT TRANSFORMER attached to a 
constant-voltage system automatically supplies from its sec- 
ondary a constant current to a series lighting system, the im- 
pedance of which varies from time to time over a wide range. 
This transformer is so constructed that any increase in current 
in the load circuit to which it is attached will reduce the mutual 
flux in the core and thus reduce the secondary voltage and re- 
store the current to practically its former value. 

INSTRUMENT TRANSFORMERS are small transformers 
for stepping down the voltage or the current from the line or 
bus bars to such values that the power may be used to actuate 
meters and “ limit ” devices. A POTENTIAL TRANSFORMER is 
of the same type as a constant- voltage power transformer and 
is used to step down the voltage. A CURRENT OR SERIES 
TRANSFORMER is used to reduce the current. This saves ex- 
pense in the cost of the measuring instruments, especially in the 
insulation required in them. The danger to operators is like- 
wise lessened. 

The “ ratio ” of a current transformer is the ratio of primary 
current to secondary current. Similarly, the “ ratio ” of a 
potential transformer is the ratio of primary terminal volts to 
secondary terminal volts. In either case, the ratio of turns 
is somewhat different. 

The ratio of a current transformer generally decreases as 
the load (or current) increases. The secondary current is 
generally out of phase with the primary current by a fraction 
of a degree, this amount becoming greater as the load de- 
creases, and as the power-factor of the instrument circuit in- 
creases. These variations affect principally the accuracy of 
wattmeter indications. In general the instruments and trans- 
formers should be calibrated while connected together as used. 

CAUTION. NEVER OPEN THE SECONDARY OF A SERIES 
TRANSFORMER. IF IT IS NECESSARY TO CHANGE CONNEC- 
TIONS, FIRST SHORT-CIRCUIT THE SECONDARY TERMINALS. 

SPECIAL SERIES TRANSFORMERS ARE USED on series 
lighting circuits to lessen the danger from contact with high 
voltage. By contracting the core at one or two places, it is 
possible to construct transformers of this type, the secondary 
of which can be opened without a dangerous rise in the second- 
ary voltage. 
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Prob. 81-4. A 10-kv-:i. and a 20-kv-a. transformer, each of 
which has ratio (of turns) 5:1, arc connected in parallel to a motor 
which takes 30 kv-a. at 440 volts and 0.N7 power-factor. The first 
transformer has resistance 1.0 per cent and impedance 4 per cent; 
the second transformer has resistance 0.75 jxr cent and impedance 
2 per cent. What kv-a. and current dot's each transformer deliver, 
single-phase? 

Prob. 82-4. Throe single-phase transformers with equal ratios 
of 10 : 1 art; connected in A on the high-tension side to a 2300-volt 
three-wire three-phase line. Each phase of the low-tension wind- 
ings supplies one of the following loads: (1) 90 kw. at unity power- 
factor, (2) 00 kv-a. at 0.S power-factor, (3) 30 kw. at 00 per cent 
power-factor. Neglecting losses in the transformers, what is the 
current in each high-tension line wire?* 

Prob. 83-4. It is desired to transform 200 kv-a. from two-phase 
at 2300 volts to three-phase at 230 volts l»y Scott-connected trans- 
formers. What should bo the current and voltage rating and the 
ratio of transformation of each transformer? 

Prob. 84 4. If three autotransformers be connected in delta, to 
a three-phase* line with 2300 volts 1x4 ween line* wire's, what is the* 
lowest, three-phase voltage that may be obtained with symmetrical 
loading of all wires, and where should each autotransformer be* 
tupped in order to obtain it? 

Prob. 85-4. (liven thre*e exactly similar autotransformers as 
follows: with tap at (\; .-Wig with tup at (a; A Ji :i with hip 

at ( V ( 'onnect .la to ('i, A 3 to ( \ and A \ te> ( V What must be' the 
.l( Y voltage; as a percentage; erf the AH voltage, in order that 440 
volts three-phase may be; obtaincel from the junction points 1, 
.I3C2, .li( r a, when the ends Hi, K?, # 3 are connected to a 2300- volt 
t hree-])hase line*? 

Prob. 88-4. Two identical transformers e*ach rate*el 50 kv-a. 
2300/230 volts and having 2 per e*e*nt resistance and 4 pe*r cent ini- 
pe'danee, each have; aeJditiemal turns and taps in the' secondary e;e)ils 
to give* 5 per cent and 10 pe;r cent more than the; rate*el voltage* (i.e;., 
241.5 anel 253 volts). In paralleling these transformers, the 105 
per cent, terminals of the first wc*re accide*n tally connected to the 1 10 
per cent terminals of the second. Calculate: items requested in 
Prob. 7-4. 

* Always consielcr phase rotation to be counter-clockwise unless 
otherwise stated. 
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Prob. 87-4. Perform the calculations of Prob. 10-4 on the 
basis of data given in Prob. 80-4. 

Prob. 88-4. From Fig. 110, state the conditions which must be 
fulfilled to bring the terminal voltage E t into phase with the induced 
voltages Ey and E*. 

Prob. 89-4. The 1000-kv-a. transformer of Example 7 (Chap. 
Ill) is connected in parallel with another transformer, rated 500 
kv-a., 00 cycles, 1 10,000/22,000 volts. The constants of the latter 
transformer, obtained from test, are as follows: Impedance volts, 
2.5 i>er cent; total equivalent lit at full load, 0.5 per cent; imped- 
ance waits, 3000. What will lx* the kv-a. load on the former when 
the latter is delivering its rated load? 

Prob. 90-4. ITow many henrys of inductance must be con- 
nected in series with the low-tension coil of each transformer in 
Example 1, Chap. IV, in order that no part of the kv-a. capacity of 
any transformer shall lx* wasted, or that the full kv-a. capacity of 
all transformers shall be available at secondary mains? 

Prob. 91 4. The fuse on transformer .1 of Example 1 blows out 
at 25 per cent overload. At this time what is the total kv-a. taken 
from secondary mains, and what per eent of its rated load will each 
of the remaining transformers immediately be called upon to carry? 

Prob. 92 4. The transformer of Prob. 24-4 is connected as fol- 
lows: A i to // 1 , Hi to .1 2 , H> to A' i and L\, Y x to Y», , A'* to /,•> and //... 
Answer the questions of Prob. 25- 4, assuming the same core flux. 

Prob. 93 4. The transformer of Prob. 21-4 is connected as 
follows: A \ to II u H\ to .to, B> to A\, Y x to X> and L\ and U 2 , Y> to 
7, 2 . Answer the questions t>f Prob. 25-4, assuming the same eore 
flux. 

Prob. 94-4. The transformer of Prob. 21-4 is connected as 
follows: Ay to II i, H\ to X\ and /,j, V'i to A' 2 , Y z to L 2 and A 2 , H 2 to 
7/o. Answer the quest ions of Prob. 25 4, assuming the same core 
flux. 

Prob. 96-4. The transformer of Prob. 24 4 is connected as 
follows: .li to Hi, Hi to .Yi and A To and L\, Vb and Y 2 to />•_» and A_>, 
B o to //». Answer the questions of Prob. 25—4, assuming the same 
core flux. 

Prob. 96-4. The transformer of Prob. 24-4 is connected as 
follows: .4i and .1 2 to II\, H x and H 2 to L\ and A't, F, to X>, Y 2 to /,■> 
and //•>. Answer the questions of Prob. 25-4, assuming the same 
core flux. 
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Prob. 97-4. State all the voltage ratios that are possible to 
obtain with the transformer of Prob. 24r4 and the corresponding 
largest kv-a. output that may be delivered to secondary mains 
without endangering the transformer in any way. Do not include 
bucking combinations. 

. Prob. 98-4. Draw vector diagrams in accordance with the con- 
ventions indicated in Fig. 118 to 126, corresponding to the following 
connections between three exactly similar single-phase transformers 
(Hi, Hi and H a represent high-tension line wires; Hi,!*,^ represent 
low-tension mains): Hi to B 2 to H a ; A x to Hi, A 2 to H*, A 8 to H»; 
Xx to X 2 to Y 3 ; Y i to Hi, Y 2 to Li, X 9 to H a . 

There being 2300 volts between any two high-tension line wires, 
and 10 : 1 ratio in each transformer, calculate the voltages Li to H*, 
Z /2 to Z/ 3 , Z /3 to L\. 

Prob. 99-4. Give answers requested in Prob. 98-4, but on basis 
of the following connections: A x to A 2 to H a ; X\ to X 2 to X 3 ; 
Hi to Hi, H 2 to H 2 , A 3 to H 3 ; Fi to Hi, Y 2 to L 2f Y$ to Lj. 

Prob. 100-4. Give answers requested in Prob. 98-4, but on 
basis of the following connections: Hi to H 2 to H 2 ; A 2 to A a to H a ; 
H 3 to A\ to Hi; Y\ to Y 2 to K a ; X\ to Hi, X 2 to Li; X 9 to H a . 

Prob. 101-4. Give answers requested in Prob. 98-4, but on 
basis of the following connections: Hi to A a to Hi; H a to A 2 to H%\ 
B 2 to Ai to H a ; X\ to Y 2 to X 2 , Y\ to Hi, X 2 to H a ; Yz to H a . 

Prob. 102-4. The high-tension coils of the transformers specified 
in Prob. 98-4 are connected as follows to the three-phase 2300-volt 
line: Hi to H a to Hi; A a to A 2 to II 2 ; B 2 to Ai to Ha. Specify two 
proper methods for connecting the secondaries in A, and draw the 
corresponding vector diagrams according to the conventions indicated 
in Fig. 122 to 126. 

Prob. 103-4. Specify two proper methods for connecting in Y 
the secondaries of three transformers whose primaries are connected 
as in Prob. 102-4 and draw the corresponding vector diagrams. 

Prob. 104-4. The transformers of Fig. 137 take power from a 
13,000-volt three-phase line to drive a six-ring converter delivering 
600 volts at d-c. terminals, zero load. Calculate e.m.f. across each 
high-tension and each low-tension coil. 

Prob. 105-4. Answer the questions of Prob. 104 with relation 
to the double-delta connection of Fig. 138 for the same converter. 

Prob. 106-4. Draw a vector diagram to illustrate the e.m.f. 
relations that would be obtained if, with connections completed 
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only to Li,Z/*,Lb, X 2 Y 4 were to be connected directly to La in Fig. 
138b. Calculate the values that would then be obtained for the 
e.m.f/s from X 4 Y 4 and XbY 2 to converter rings In and L%. 

Prob. 107-4. If in Fig. 138, with connections completed prop- 
erly only to Li,Lz,Li, X 4 Y 4 is connected to Lb, calculate the e.m.f.'s 
from X 2 Y 4 and X*Y 2 to rings L 2 and L A . 

Prob. 108-4. If the connections of the second delta to the con- 
verter arc begun incorrectly as represented at A in Fig. 139, what 
will be the e.m.f. (expressed as percentage of the delta voltage) 
existing between the remaining points which are supposed to be 
connected together, namely to X 2 Y 4 and L 4 to XfYtf 

Prob. 109-4. Six unmarked wires which are supposed to be- 
long to a six-phase system, come to you through a conduit. De- 
scribe how you would proceed to determine, by means of voltmeter 
only, whether a correct six-phase system can be obtained from these 
wires, and how each wire should be numbered so that the consecu- 
tive phases should be between consecutively numbered wires. 

Prob. 110-4. Having determined that six-phase can be obtained 
from the six wires of Prob. 109-4, and having tagged these wires 
with numbers 1, 2, 3, 4, 5 and 6 in proper sequence, describe how 
you would proceed to connect them to the six rings of a converter 
so as to avoid possibility of mishap. 

Prob. 111-4. Find whether it is possible to connect together 
the six secondary coils of Fig. 133 and 134 in such manner as to 
obtain a two-phase system — i.e., two equal voltages with 90° phase 
difference between them. If it can be done, specify the connection 
and draw the corresponding vector diagram. 

Note. Each transformer in Prob. zxa, 113,114, 115, xx6, 1x7 and 1x8 
has separate coils for primary and secondary. Not autotransformers. 

Prob. 112-4. We desire to draw 160 kv-a. three-phase at 220 
volts from a two-phase 2200-volt line by means of two singlc-phaso 
transformers, with secondaries tapped for T-eonnection as shown 
in Fig. 140. Assuming that two (2) volts are induced in each turn 
of every coil, draw a complete sketch of connections and mark the 
number of turns in each coil or part of coil. 

Prob. 113-4. Calculate: (a) the number of amperes flowing in 
each coil or part of coil in Prob. 112-4, (6) the kv-a. rating of each 
transformer, and (c) total kv-a. rating of transformers required. 

Prob. 114-4. If coils ab and cd in Fig. 140 are the secondaries 
of transformers each of which has a rating of 100 kv-a., how many 
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kv-a. of single-phase load can be taken in phase At, phases B% and 
Ct being unloaded? 

Prob. UM. If coils db and cd in Fig. 140 are the seconda- 
ries of transformers each of which has a rating of 100 kv-a., how 
many kv-a. of single-phase load can be taken in phase Bt, phases 
As and Ct being unloaded? 

Prob. 116-4. If coils db and cd in Fig. 140 are the seconda- 
ries of transformers each of which has a rating of 100 kv-a., what 
total number of kv-a. equally divided between phases be and ea 
may be taken from the three-phase terminals, phase db being un- 
loaded? Power-factor of loads is 100 per cent. 

Prob. 117-4. Solve Prob. 116-4 on the assumption that the total ' 
output is equally divided between phases ah and be, at unity power- 
factor, the third phase ea being unloaded. 

Prob. 116-4. The three-phase terminals of the transformers of 
Prob. 116-4 are loaded as follows: Phase db, 50 kv-a. at 87 per cent 
power-factor; Phase be, 50 kw. at 80 per cent power-factor. How 
many kw. at 60 per cent power-factor can be taken from phase ea 
without causing the current to be excessive in any part of either 
transformer? 

Prob. 119-4. The loads on the system of Fig. 147, using trans- 
formers as specified in Prob. 46-4 and 47-4, are as follows: 7i =■= 2 
kv-a. at 90 per cent power-factor, / 2 = 2 kv-a. at 80 per cent power- 
factor. How many kv-a. at 60 per cent power-factor may be taken 
at 7j? 

Prob. 120-4. Using the data of Prob. 47-4 under the conditions 
of Prob. 119-4 calculate the voltages^ H|H 2 , H 2 Ha and HsHi re- 
spectively. 

Prob. 121-4. The loads on the system of Fig. 147, using trans- 
formers as specified in Prob. 46-4 and' 47-4, are as follows: 7i — 2 
kv-a. at 90 per cent power-factor, 7 2 «- zero. Assume 2300 volts 
on each phase, high-tension, (a) How many kv-a. may be taken 
at 7* at 90 per cent power-factor? (6) At 60 per cent power-factor? 

Prob. 122-4. Calculate the voltages E\, E 2 , Et between sec- 
ondary mains under the conditions of part (a) of Prob. 121-4. 

Prob. 123-4. Calculate the voltages E\, Et, Et between sec- 
ondary mains under the conditions of part (6) of Prob. 121-4. 

Prob. 124-4. Three-phase core-type transformers cannot be 
operated three-phase with a short-circuit on any phase. Explain: 
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(a) What would happen if it were so operated, (b) The reason for 
the difference of behavior between core-type and shell-type three- 
phase transformers in this respect. 

Prob. 125-4. In assembling the transformer of Fig. 163, phase 
No. 3 is accidentally reversed, B% being connected to neutral with 
Ai and B 2 . . What fluxes will thereby be changed in value, and by 
what percentage of their normal values respectively? 

Prob. 126-4. In assembling the transformer of Fig. 160, phase 
No. 3 is accidentally reversed, B * being connected to neutral with 
Ai and At. What fluxes will be thereby changed in value, and by 
what percentage of their normal values respectively? 

Prob. 127-4. On account of failure in phase No. 3 of Fig. 160 
this coil ( NB Z ) is disconnected and short-circuited upon itself, while 
the other connections and the line voltages remain unchanged. 
Describe, quantitatively where possible, any changes which will 
occur in fluxes or exciting currents. 



CHAPTER V 

SHORT TRANSMISSION AND DISTRIBUTING LINES 

The fundamental ideas in the transmission and distribu- 
tion of electrical power may best be understood by consid- 
ering an actual installation. Thus let us suppose that a 
town can utilize 1200 lew. at 0.80 power-factor for 3000 
hours per year, and that it is situated ten miles from water 
power. Naturally, at this source of power is the most eco- 
nomic place to locate the generating station. Our problem 
then is: What is the most practicable electric transmission 
system to install and what are the main characteristics and 
peculiarities of the system? 

66. Most Economical Size of Wire, Single-phase Line. 

1. Voltage. The choice of voltage is more or less arbi- 
trary, — the engineer always trying to use as high a voltage 
as conditions permit. Better methods of insulating both 
line and machines are continually raising the voltage at 
which power may be most economically transmitted over 
given distances. The expense of insulating the line and 
the apparatus connected to it increases rapidly as we choose 
higher voltages. Of course, the cost of the copper in the 
circuit goes down rapidly at the same time, as the high 
voltages enable us to transmit the same power with the same 
loss over smaller wires. Above a certain voltage, the diffi- 
culty and expense of insulating increases faster than the 
cost of the copper decreases, so that the total cost of trans- 
mission would be increased by raising the voltage any 
further. The limiting pressure at which this occurs is being 
continually raised by improvements in the manufacture of 
insulation, which make good insulation cheaper, or insula- 
tion of a given cost much stronger. At the present time 
this economical limit is about 140,000 volts, but there are 
prospects that it will go higher. 
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An old “thumb rule” which may be used for moderate dis- 
tances is “ 1000 volts to the mile." * That is, a two-mile line 
would be constructed to operate at approximately 2000 
volts, a ten-mile line at 10,000 volts, etc. The following 
voltages have become standardized by practice: 

2200 to 2400, 6000 to 6900, 11,000, 13,200 to 13,800, 

22.000 to 24,000, 33,000, 44,000, 66,000, 88,000, 110,000, 

140.000 to 150,000. 

Accordingly, we may choose 11,000 volts as a practicable 
pressure at which to transmit power over the 10 miles re- 
quired by this problem. 

2. Alternating or Direct Current. In America there are 
practically no industrial direct-current systems of a voltage 
higher than 600 volts. This fact leads to the choice of 
alternating current. 

3. Frequency. There are at present two standard frequen- 
cies in this country, 25 cycles and 60 cycles. Installations 
of 60 cycles are more numerous, but the tendency is toward 
the lower frequency on account of the following advantages: 

(1) Lower iron losses in the generating machines as 
pointed out in Art. 4 and 38 of this book. 

(2) Less “charging current” taken by the transmission 
line as will be explained in Chapter VI. 

* This rule apparently is based on the fact that 1000 volts per mile 
is the most economical voltage, allowing 2 per cent line arop, 10 per 
cent interest and depreciation, 3000 hours use per year, and line of 
copper wire at a cost per pound of l4 times the cost of power per kw-hr. 
A voltage-distance table of actual installations taken at random is given 
below. 


Distance, 

miles. 

Voltage* 

Distance, 

miles. 

Voltage. 

Distance, 

miles. 

Voltage. 

7 

11,000 

8 

11,000 

6 

11,000 

44 

50,000 

20 

50,000 

84 

50,000 

144 

100,000 

108 

100,000 



For a full discussion of the choice of voltage see Still, " Overhead Electric Power 
Transmission." 
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(3) Lower speed for machines of the same number of 
poles as explained in Art. 65. (First Course.) 

However, because at present it is the more common fre- 
quency for electric-lighting loads on account of the freedom 
from flickering, we will select 60 cycles. We must then em- 
ploy at the receiving end the frequency of the central station, 
unless we wish to use an auxiliary machine known as a 
“ frequency changer.” 

4. Size of Line Wire. Single-phase. Having decided to 
use an alternating-current system of 60 cycles and 11,000 
volts, the size of the conductors will depend upon whether 
we employ a single-phase or a three-phase system. It will 
be shown later that the three-phase system possesses a great 
advantage over the single-phase, and this would probably 
be chosen. However, for the sake of completeness, we will 
consider the single-phase first, and then take up the three- 
phase system and compare the two. 

The choice of voltage, frequency and size of wire is de- 
termined primarily by the amount of capital that must be 
invested in the plant to install and to operate it. This is 
most clearly seen in the method in common use to deter- 
mine the size of wire. The conductor should always be of such 
a size that it results in the lowest total annual expense. This 
annual expense consists of two items: 

(1) Fixed charges, which include 

(a) Interest on the money invested in the line. 

( b ) Taxes and depreciation in the value of the line. 

(2) Value of Energy lost in line. 

Perhaps the clearest plan is to tabulate, as in Tables I, II 
and III, the cost of transmitting by several sizes of wire, 
under identical conditions, and to pick out the size showing 
the lowest total cost. 

Our problem, then, is to select the most economical size 
of copper wire to transmit 1200 kw., single-phase, 80 per cent 
power-factor, at 11,000 volts at the receiving end. This 
power is to be delivered steadily for 3000 hours per year. 
These figures are fairly representative of modem practice. 
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The length of the line is 10 miles, the length of wire re- 
quired, 20 miles. 

Let us start with a No. 000 gauge, stranded copper wire, 
and compute the cost. According to the Wire Table I, Ap- 
pendix B, 20 miles of this wire would weigh 
20 X 2740 = 54,800 lbs. 

The cost of wire for a transmission line (except for very 
large sizes) is proportional to the weight of the conductor. 
The cost per pound for installed wire would depend upon 
market price of metals, which fluctuate widely, and also 
upon cost of transportation and of labor. Assume that con- 
ditions arc such that 20 cents per pound installed would be 
a fair average price. 

The cost of No. 000 conductor would then be 


54,800 X $0.20 = $10,960. 

On this sum we must allow yearly interest at 5 per cent; 
in addition, the annual taxes and depreciation would ap- 
proximate 3.5 per cent. 

The fixed charges would then amount to 3.5 + 5 = 8.5 
per cent. 

0.085 X $10,960 = $932.00. 


The power loss in the line would be the I 2 R loss of the line. 
The apparent power delivered would be 


1200 

0.8 


1500 kv-a. 


The current (with pressure of 11,000 volts at the load end 

of the line) would be: 

1,500,000 ™ . 

-^ 5 - = 136.4 amp. 


The resistance (from Table I, Appendix B) of 20 miles of 
No. 000 wire 

= 20 X 0.328 = 6.56 ohms. 

Power loss = I 2 R 

= 136.4 2 X 6.56 


= 121,900 watts 
* 121.9 kw. 
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The total energy lost per year would then amount to 
121.9 X 3000 = 366,000 kw-hr. 

At a conservative estimate of 1 cent per kw-hr, the energy 
lost in the line per year would cost 

366,000 X $0.01 = $3660.00. 

The total cost per year due to the transmission line would 
be the sum of the fixed charges and the line loss. 

$932.00 + 3660 = $4592.00. 

If we compute in the same way the annual cost of a 
No. 0000 transmission line, we find (see Table I) that, while 
the cable costs more and thus the interest, taxes and depre- 
ciation are more every year, the cost of the power lost in 
the line is so much less that the total annual cost falls to 
$4069. 


TABLE I 

Relative Costs of Transmitting Power over Conductors of 
Different Sizes, Other Conditions Being the Same 



No. 000 

No. 0000 

250,000 

cir. 

mils. 

300,000 

350,000 

400,000 

cir. 

mils. 

450,000 

cir. 

mils. 


stranded. 

stranded. 

mils. 

mils. 


f 

S 

S 

* 

% 

% 

1 

Cost of 20 miles of wire 








at 20* 4 per lb 

Annual fixed charges 

10,900 

13,880 

16,300 

10,560 

22,900 

20,280 

20,880 

u.t 8.5% of wire cost . 
Annual cost of energy 

931 

1,170 

1.390 

1,663 

1,050 

2,233 

2,540 

lost in line at per 

kw-hr 

3,660 

2,800 

2,416 

| 2,004 

1,774 

1.533 

1,365 

T'ltal annual cost of 

transmission 

4,591 

■1,069 

! 

3,806 

| 3,727 

3,724 

3,766 

3,905 


As we continue to increase the size of the wire, the fixed 
charges continue to increase and the cost of power lost in 
the line continues to decrease. However, the fixed charges 
increase more rapidly than the cost of line loss decreases, 
so that the total expense does not continue to decrease in- 
definitely, but reaches a minimum value at a definite size 
of wire. The total annual cost of any wire smaller than 
this size will be greater. 
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TABLE II 

Relative Costs of Transmitting Power, Using Conductors 
of Different Sizes 

Cost of copper being double that of Table I 



TABLE III 

Relative Cost of Transmitting Power, Using Conductors of 
Different Sizes 

Cost of energy double that of Table I 


300,000 350,000 

cir. mils. oir. mils. 


Cost of 20 ini. of wire at 

20fi per lb 

Annual fixed charge at 

8.5% of wire cost 

Annual cost of energy lost 
in line at per kw-hr. . 
Total annual cost of trans- 
mission 


400,000 I 450,000 I 500,000 I 550,000 
cir. mils. I cir. mils. cir. mils. I cir. mils. 


Cost of 20 mi. of wire at 20£ per lb. 

% 

26,280 

Annual fixed charges at 8.5% of 

wire cost 

2,233 

Annual cost of energy lost in line 

at per kw-hr 

3,066 

Total annual cost of transmission . 

5,299 
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According to Table I, the wire which shows the smallest 
annual cost, $3724, is one of 350,000 cir. mils area. The 
next smaller, 300,000 cir. mils, would cost $3727 per year, 
while the next size larger, 400,000 cir. mils, would cost $3766 
per year. 

It will also be seen from a study of the three tables that 
the lowest total annual expense always occurs when the 
fixed charges on the line become most nearly equal to the 
yearly cost of energy lost in the line. It will be noted that 
the fixed charges exceed the cost of energy lost for all sizes 
larger than the most economical; but for all sizes smaller 
than the most economical, the cost of lost energy exceeds the 
fixed charges. By making use of the fact that the fixed 
charges should about equal the cost of lost energy we may 
arrive at the most economical size without many trials. 

Note from a comparison of Tables I and II and Curves 
I and II in Fig. 191 drawn from the data in the tables, that 
a higher price for copper causes it to be more economical to 
use a smaller wire. In this case, Table II is for copper wire 
at double the price used in Table I. Doubling the price of 
copper makes it more economical to use a 250,000 cir-mil 
wire, instead of a 350,000 cir-mil wire. The total annual 
expense, however, is higher than when copper is cheaper. 

Note from a comparison of Tables I and III and Curves 
I and III, that a higher price per kilowatt-hour for energy 
makes it more economical to use a conductor of larger size, 
— doubling the energy cost makes it more economical to 
use a wire of 500,000 cir. mils rather than the one of 350,000 
cir. mils. Here again the lowest annual expense is greater 
than when power is cheaper. 

The Tables and the Curves of Fig. 191 show that there is 
no practical need of very precise computations for the de- 
termination of the most economical size of wire. The curves 
are all very fiat in the region of the most economical size, 
and a choice of any one of two or three sizes in the vicinity 
of the minimum cost will not result in any appreciable 
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Fig. 191. Relation between the size of the cable and the total annual 
cost charged to the transmission line. Note the flatness of the curves 
at the lowest points, and the increased steepness of the parts farther 
away from the lowest points. 
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difference in the total cost. However, as we go farther 
away on either side of the most economical size, the cost 
begins to increase rapidly. It is worth while, therefore, to 
make the above approximate calculations. Furthermore, 
the above solution, however precisely the mathematics may 
be done, is only approximate, there being other items of 
cost to be considered in the final selection of size of wire 
besides the cost of installed cable and the cost of lost energy. 
There are also the annual charges on the additional cost of 
generating and transforming equipment required to handle 
the power that will be lost in the line, and the fixed charges 
on the additional cost of poles and insulators due to change 
in the size of wires. The cost per pound of the wire itself 
often becomes more for sizes larger than 500,000 cir. mils 
because each cable is split up into two or more parallel 
cables for convenience in handling and because heavier pole 
construction may be required. 

The form of the load curve also should be taken into account 
when computing the line loss. The energy annually lost in 
the line is proportional to the “ square root of the mean 
square” of current delivered throughout the year. For the 
same average power delivered, therefore, the line loss may 
vary between wide limits, as we change the daily and an- 
nual load curves or schedules.* 

Prob. 1-6. If it were decided to transmit the power in the 
above example at 22,000 volts, what would be the most economical 
size of wire? Copper conductor in place costs 20 cents per pound. 
Energy costs 1 cent per kw-lir. and all other data the same as in 
the above example. 

Prob. 2-6. If the line in Prob. 1 were to be constructed of 
aluminum, what would be the most economical size? Compare 
total annual cost of transmission by the aluminum line, with the 
corresponding cost by the copper line of Prob. 1 . Aluminum weighs 
0.304 as much as copper, has 1.61 times the mil-foot resistance and 
costs 1.7 times as much, say 35 cents per pound, installed. 

* For a method of determining the annual line loss, see “Standard 
Handbook for Electrical Engineers,” Sec. 12-234. 
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Prob. 3 - 5 . (a) What per cent <3 the power transmitted is lost 
in the line in the example in the text, using the most economical 
size of conductor? 

( b ) In Prob. 1? 

(c) In Prob. 2? 

67. Voltage Drop in Line. Line Regulation. Before 
we can definitely decide to install a line with conductors of 
a given size, it is always well to see that the voltage varia- 
tion at the receiving end is not excessive between a no-load 
and a full-load condition. When a load is put on a line the 
voltage across the receiving end falls, on account of the 
pressure consumed in overcoming the voltage reactions along 
the line due to the current. It is necessary to define some 
standard way of stating the magnitude of this loss of voltage. 
The method is to determine the voltage at the receiving end 
with non-inductive full load on the line. Then determine 
the voltage when the load is removed, meanwhile keeping 
the impressed voltage constant at the sending end of the line. 
The difference between these voltages is called the regulation 
of the line. The percentage regulation is the percentage which 
the change in voltage is of the normal rated voltage at the 
receiving end. 

Thus, per cent line regulation 

(No-load volts) — (full-load volts) A 

= (Fuir-load v^) 1 >< 100 P« r cent 

(at unity power-factor). 

Unless otherwise stated, the load must be non-inductive and 
the voltage at the sending end of the line must remain unchanged. 

Good regulation for a power load ranges between 5 and 
10 per cent. For a lighting load it should never exceed 
5 per cent and does not usually exceed 3 per cent. 

Let us test the regulation of the 10-mile line of Ex- 
ample 1, using the most economical copper wire, — 350,000 
cir. mils. 

If the power were direct-current, the process would be 
simple, as follows: 
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Voltage at full load = 11>000 volts. 

•n I* i * « 1,200,000 _ 

Full-load current j^Tobo = amperes. 

Resistance of line = 3.18 ohms = 20 X 0.159. 

(See Table I, Appendix B.) 

Line drop = 3.18 X 109. 

= 347 volts. 

Volts at sending end = 11,000 + 347 — 11,347 volts. 

Volts at load end, at no load = 11,347. 

Line regulation for direct current 

_ 11,347 - 11,000 _ „ 

11,000 ~ 3 * 2% " 

This line, we see, would have a sufficiently good regulation 
for a direct-current system. 

We will now determine the regulation of the same line 
when it carries alternating current. Alternating current has 
to overcome, not only the resistance of the line wires, but 
also their inductive reactance. Thus the line drop in a 
circuit carrying alternating current is usually greater than 
if the same circuit were carrying direct current, and there- 
fore the regulation would be poorer. It would be good 
practice to string the wires of a 11,000-volt circuit about 30 
inches apart.* The reactance of the circuit at 60 cycles 
may be found from the equation given in Chapter V, First 
Course. It is usually taken, however, from tables computed 
by means of this equation. From Table III, Appendix B, 
we find that for 350,000 cir-mil cables strung 30 inches apart: 

The reactance per mile of single wire = 0.591 ohms. 

The reactance of 20 miles of cable — 20 X 0.591 

= 11.82 ohms. 

1 200 000 

The current for a non-inductive full load = dbc F 

= 109 amperes. 

* See Curve (I) in Appendix B for good practice as to distance be- 
tween wires. 
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The reactance drop then = E x 

= 11.82 X 109 
= 1290 volts. 

There would thus be a line drop of 347 volts, as in direct- 
current power, due to the resistance of the wires, and a line 
drop of 1290 volts peculiar to alternating-current power, 
due to the reactance of the line. The sending voltage must 
therefore be great enough to supply these line drops and 
leave 11,000 volts at the load end. Since the reactance 
drop differs in phase from the resistance drop by 90°, it is 
necessary to add vectoriaily the load voltage, the resist- 
ance drop, and the reactance drop of the line, to find what 
the sending voltage must be in order to supply them. 

Construct the topographic vector diagram of Fig. 192. 



Fig. 102. Topographic diagram for finding the generator voltage OX to 
supply a load voltage of OE over a line having a resistance drop of 
ER and a reactance drop of RX. The load has unity power-factor. 

The voltage vector OE of the load will lie along the current 
vector 07, since the voltage and current of the load must be 
in phase, the power-factor being unity. The vector of the 
resistance drop, ER y must also lie along the current vector 
07, as resistance drop is always in phase with the current. 
The vector RX of the c.m.f. required to overcome the react- 
ance voltage, must lead the current by 90°. The vector 
sum of these voltages is the line OX t and can be computed 
from the equation, 
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OX — V 7 (OE + + RX* 

= Vl 1,347 s + T290 S 
= 11,420 volts. 

The voltage at the sending end must therefore be 11,420 
volts and the voltage at the receiving end would of course 
rise to this value when the load was taken off, there being, 
at that time, no current and therefore no reacting voltages 
in the line. 

, .. 11,420 - 11,000 

The regulation = 

= 3.82 per cent. 

This is slightly higher than the value 3.2 per cent, which we 
obtained for regulation when the line carried direct current,, 
but it is very good regulation for a line carrying alternating 
current. 

68. Line Regulation at a Power-factor Less than Unity. 

But the load which we specified for this line in Example 1 
had a power-factor of 0.80 which is about the usual power- 
factor of an alternating-current load used for industrial 
purposes. (See Art. 6.) 

To find the voltage variation and what is sometimes called 
the “ regulation at 0.80 power-factor” we proceed as follows: 

The apparent power — -j- — 1500 kv-a. 

The current (single phase) = = 136.4 amp. 

The resistance drop in the line = 136.4 X 3.18 = 434 volts. 
The reactance drop in the line = 136.4 X 11.82 — 1610 volts. 

Construct the topographic vector diagram Fig. 193. 

To represent the 11,000 volts at the load draw the vector 
OE at 37° lead to the current, because on an inductive lo^d 
of 80 per cent power-factor the voltage leads the current 37°. 

To represent the 434 volts which the sending end must 
supply in order to overcome the resistance of the line, draw 
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the vector ER parallel to the current /, since the voltage 
consumed in overcoming resistance only is always in phase 
with the current. 



Fig. 193. The vector OS represents the sending voltage for a load volt- 
age OE, over a line having a resistance voltage of ER and a reactance 
voltage RS, when the power-factor of the load is 80 per cent. 

To represent the 1610 volts which the sending end must 
supply in order to overcome the reactance of the line, draw 
the vector RS 90° ahead of ER, because the voltage con- 
sumed in overcoming inductive reactance is always 90° ahead 
of the current. 

[7 The total voltage at the sending end of the line must 
therefore be OS, the vector sum of OE (the voltage at the 
load), ER (the resistance drop) and RS (the reactance drop). 

When the load is thrown off, the voltage at the receiving 
end will rise to the same value as the voltage at the sending 
end. 

Thus OS also represents the no-load voltage at the re- 
ceiving end. To find the value of OS, draw the construc- 
tion lines EP and RT. 
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OP = 11,000 cos 37° = 8800 
RT =» 11,000 sin 37° = 6600. 

OS = V(0/\+,434) 2 + (RT + 1610)* 

= y/ 152,570,000 
= 12,351 volts. 

The no-load voltage thus equals 12,351 volts. 

The regulation at 0.80 power-factor = 

11,000 

= 12.3 per cent. 

Note that the regulation of the line when the load had 
the commercial power-factor of 0.80 was very much poorer, 
being more than three times as great as the regulation at 
unity power-factor. There are two reasons for this. First, 
in order to transmit at the same voltage the same quantity 
of power at a low power-factor as at unity power-factor, a 
large current must flow. This means both greater resist- 
ance drop and greater reactance drop. In this case the re- 
sistance drop was increased from 347 to 434 volts, and the 
reactance drop from 1290 to 1610 volts. 

In the second place, it will be seen from a comparison of 
Fig. 192 and 193 that the reactance drop and the voltage 
of the load are more nearly in phase and therefore their 
vector sum is more nearly equal to their arithmetical sum 
when the power-factor is lower. Thus, not only is the react- 
ance drop greater at a low power-factor, but a greater frac- 
tion of it is in phase with the line voltage and, therefore, 
tends to increase it much more than at unity power-factor. 

This alone shows the desirability of having a load in which the 
current lags as little as possible behind the voltage especially 
when the reactance of the line is greater than its resistance. 
In fact, a slightly leading current is generally advantageous. 

Prob. 4-5. Find the regulation of the line in the above example 
when the power-factor of the load is 70 per cent with the same kilo- 
watt load. 

Prob. 5-5. What would be the line regulation of Prob* 4 if the 
size of the line wire were increased to 450,000 cir. mils? 
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Prob. 6-6. What would be the line regulation of Prob. 4 if we 
decreased the size of the conductor to 250,000 cir. mils? 


69. Three-phase, Three-wire System. Cost. Let us 
now consider how the cost and the regulation of this 10-mile 
line would be affected if we installed a three-phase, three- 
wire system instead of a single-phase system with its two 
conductors. We will, of course, compute the line cost and 
regulation on the same basis as for the single-phase line, 
that is, the transmission of 1200 kw., to a distance of 10 
miles, with 11,000 volts between wires and a power-factor 
of 80 per cent at the end of the line with 3000 hr. of use at 
full load annually. 

Apparent power as in single-phase system 


1200 

0.80 


1500 kv-a. 


Apparent power in three-phase system is found according 
to the equation 

P a = V3 El; 

where P a — apparent power in volt-amperes. 

E = effective voltage between conductors, 
in volts. 

I = effective current along each conductor, 
in amperes. 

Therefore 1,500,000 - Vs X 11,000 X J. 

i = j/?oo,ooo _ 

1.73 X 11,000 
= 78.8 amperes. 

Or we may use the equation 

P = a/3 El cos 0; 

where P — effective power, in watts. 

E = effective voltage between conduc- 
tors, in volts. 

I — effective current along each con- 
ductor, in amperes, 
cos 0 = power-factor of the load. 
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Thus 1,200,000 = Vs x 11,000 X / X 0.80. 

J=s 1,200,000 

1 .73 X 1 1,000 X 0.80 
= 78.8 amperes. 

We now compute, as in the case of a single-phase line, the 
total annual cost of the line when constructed of conductors 
of different sizes. Starting with No. 0 stranded copper con- 
ductor, we find the cost of line as follows: 

One mile of No. 0 weighs 1730 lb. 

A ten-mile three-wire system would weigh 
30 X 1730 - 51,900 lb. 

At 20 cents per pound, the line would cost 
$0.20 X 51,900 = $10,380. 

Annual fixed charges at 8.5 per cent would amount to 
$10,380 X 0.085 = $882. 

The resistance of one conductor of No. 0 wire, as per Table T, 
Appendix B, would be 

10 X 0.518 = 5.18 olnns. 

Each line wire in the three-phase system carries 78.8 amp., 
therefore the I 2 R loss per conductor would be 
78.8 X 78.8 X 5.18 = 32,200 watts. 

- 32.2 kw. 

The loss in the three wires would be 

3 X 32.2 = 90.6 kw. 

For a year of 3000 hours, the total energy loss would be 
3000 X 90. G = 289,800 kw-hr. 

At 1 cent per kw-hr., this would cost 

289,800 X 0.01 = $2898. 

Therefore the total yearly cost of the transmission equals 
$2898 + $882 = $3780. 

Since the cost of lost energy is greater than the fixed 
charges, we compute the cost of larger wires in order to find 
the size of conductor which produces the lowest total annual 
cost. Setting these down as in Table IV we see that the 
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TABLE IV. — Relative Cost op Three-phase, Three-wire Trans- 
mission for Various Sizes op Conductors. 



No. 0 
stranded. 

No. 00. 

No. 000. 

No. 0000. 

250,000 

cir. 

mils. 

300,000 

cir. 

mils. 

350,000 

cir. 

mils. 

Coat of 30 miles of wire 

* 

% 

$ 

$ 

$ 

S 

* 

at 201 per lb 

Fixed annual charges 

10.380 

13,140 

16,440 

20,820 

24,560 

29,350 

34,440 

at 8.5% of wire coat . . 
Annual cost of energy 
lost in line at 11 per 

882 

1,117 

1,398 

1,770 

2,090 

2.490 

2,930 

kw-hr 

Total annual cost of 

2,898 

2,299 

1,834 

1,450 

1,213 

1,033 

886 

transmission 

3,780 

3,416 

3,232 

3,220 

3,303 

3,523 

3,816 


most economical conductor would be No. 0000. The most 
economical size for a two-wire system under the same condi- 
tions was found to be 350,000 cir. mils. (See Table I.) 

Three conductors of No. 0000 wire at an annual expense 
of $3220 will conduct as much power as two conductors of 
350,000 cir. mils at a yearly expense of $3724. There is 
then a decided yearly saving in using a three-phase system 
instead of a single-phase. 



Prob. 7-6. What would be the most economical size of conduc- 
tor to use in the three-phase system of the above example if the 
price of copper were 40 cents per pound installed? 

Prob. 8-6. If the cost of energy were 2 cents per kw-hr., what 
would be the most economical size of conductor to use in the above 
example? 

Prob. 0-6. If a three-phase system were installed in Prob. 1-5, 
what would be the most economical size of conductor? 

Prob. 10-6. Compute Prob. 2-5, using a three-wire three- 
phase system. 
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70. Regulation of a Three-wire Three-phase System. 
We should always compute the regulation of a proposed 
three-phase installation, just as in the case of a single-phase 
line, in order to see whether or not the most economical 
wire produces too great a voltage variation at the different 
loads. For this purpose, it is much simpler always to 
consider the loads at the receiving end to be star-connected. 
If the loads are delta-connected, we have merely to consider 



80 per cent power-factor must be 78.8 another. The wire />, 
amperes. In order to force this full- ££ 0 “ 

load current of 78.8 amperes through dcr to afford protection 

the coil OA, the voltage across the cor- against lightning, 
responding coil PA of the generator must be great enough 
to overcome the resistance and the reactance of the line 
wire A, and supply the 63G0 volts across the coil OA. The 
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voltage across the generator coil PA is thus the resultant, 
of the voltage across the load coil OA, and the resistance 
voltage and the reactance voltage of the line- wire A . The 
resistance of the 10-mile line-wire A , size 0000 B. & S. gauge 
(see Table I, Appendix B), is 2.59 ohms. The pressure 
necessary to overcome the resistance of the line is equal to 

78.8 X 2.59 = 204 volts. 

The reactance * of the 10-mile line-wire A with the wires 
spaced equidistant and 30 inches from one another as in 
Fig. 195 is equal to 

10 X 0.621 = 6.21. (See Table III, Appendix B.) 

The pressure consumed in overcoming the reactance is 
78.8 X 6.21 = 489 volts. 

Construct Fig. 196 similar to Fig. 193, with the exception that 
the voltages in Fig. 196 are those across coils rather than 
.between line wires. 

* When the wires of a system are not spaced equidistant from one 
another the reactance of the middle wire will differ from that of the 
other two. To avoid this unbalanced reactance, the wires are usually 
transposed every five miles on a short line or every 10 to 40 miles on a 
long line, so that when the whole length of the line is considered the 
average distance between them is the same. This average value is used 
when computing the reactance. Thus three wires might be strung one 
directly over the other with 36 inches separating each outside wire 
from the middle one. The average distance would then be 

jj = 48 inches, 

and this would be the value used in the table or formula for finding 
the reactance. 

When the wires are not transposed the equivalent distance between 
them is used. Equivalent distance ** product of the three distances. 
The equivalent distance in this case would equal ^36 X 36 X 72 
or 45. Unless It is otherwise stated, the Unes mentioned in this book 
are to be considered as transposed. 
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OS = E PA = V (VN + 489)* + (OT + 204)*. 

VN - 6360 sin 37° 

• = 3816. 

Or = 6360 cos 37° 

- 5088. 

E PA = V 4305* + 5292 
= 6823. 

Therefore the voltage across the coil PA of the generator 
would have to be 6823 volts when the full load is taken 



Fig. 196. Vector OS represents the voltage across one coil at the 
sending end of line in Fig. 194; OAf, the voltage across one coil of 
the load; MN, the resistance drop of one wire; and NS, the react- 
ance drop of one wire. 


from the receiver end. When the load decreases to zero, 
the voltage across one phase or coil (as OA) at the receiving 
end (M) would equal the voltage across the corresponding 
coil of the generator. The no-load voltage across one phase 
thus would equal 6823 volts. 

The change in voltage is equal to 

6823 - 6360 = 463 volts. 
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The regulation at 80 per cent power-factor 

-S- 7 - 27pero ® t - 

Since the load is assumed to be balanced, the same change 
takes place across each coil of the load. The change across 
the line wires will thus be in the same ratio. Consequently 
the voltage regulation of this three-wire three-phase system 
is approximately 7 per cent, which i§ very satisfactory for 
a load of only 80 per cent power-factor. It will be remem- 
bered that the voltage regulation for a single-phase line 
under exactly similar conditions was 12.7 per cent. Thus 
the three-phase system is not only more economical but also 
has better regulation. 

If the receiving or the sending end of the line is delta-con- 
nected, the method of computing the voltage regulation is 
similar to the above. Fig. 197 represents such a system, in 




Fig. 107. Phase TV of the delta-connected load M may be considered 
to be made up of coils TO and OV. The phase VU may be con- 
sidered to be made up of VO and OC7, etc. The points P and O are 
thus the neutral points of star-connected coils. 

which both the receiving end M and the sending end G are 
delta-connected. We may consider each coil of each end 
to be made up of two coils of a star connection. Thus the 
coil TV of the receiving end may be imagined to be made up 
of the two coils TO and OV connected in star at the neutral 
point 0. The voltage across either of these imaginary coils 
11 000 

would be — = 6360 volts. This is called the “ voltage to 
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neutral” in a delta-connected arrangement. In determin- 
ing the voltage regulation of a delta-connected system, the 
amount which this “voltage to neutral ” changes when the 
load changes from full load to no load is found, and com- 
pared with the “voltage to neutral ” at full load, just as in 
the case of a star-connected arrangement. 

The use of the Mcrshon diagram will save much mathe- 
matical work in computing the regulation of transmission 
lines. This diagram is equivalent to a large number of 
vector diagrams like those of Fig. 193 and 196. See Croft’s 
“American Electrician’s Handbook,” page 143. 

Prob. 11-5. Compute the voltage regulation of the three-phase 
system of Prob. 7-5, assuming the load to be star-connected. 

Prob. 12-6. If the load on the system of Prob. 7-5 were delta- 
connected, what would the regulation be7 

Prob. 13-5. Three-phase power is to be transmitted 14 miles. 
Power to be delivered, 4200 kw. Voltage at load, 33,000 volts; 
wires arranged in vertical plane, 50 inches apart; frequency, 25 
cycles; power-factor of load, 85 per cent; size of wire, No. 0, B. & S. 
Compute the regulation if the load is delta-connected. 

71. To Compute the Voltage at the Load. When an 
induction motor is started, it usually takes a much larger 
current than the full-load current, and always at a low 
power-factor. The voltage at the receiving end of a 
transmission line drops considerably under these conditions. 
This variation in terminal voltage can be determined as 
follows: 

Example 2. In a three-phase transmission line each wire 
of which has 2 ohms resistance and 3 ohms reactance, the 
full load is 2000 kw. at 85 per cent power-factor. The full- 
load voltage at the receiving end is 6600 volts. Find the 
voltage of the load when several of the induction motors, 
which constitute part of the load, arc starting simultaneously, 
and lower the power-factor to 75 per cent, at the same time 
increasing the load to 2100 kw. 
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The first step is to find the voltage at the sending end from 
data of normal conditions. This is done as in all previous 
examples of this chapter. 

P = V3 El cos 0. 

2,000,000 

1 1.73 X 6600 X 0.85 

= 206 amp. per line-wire. 

Resistance drop =2 X 206 
= 412 volts. 

Reactance drop = 3 X 206 
= 618 volts. 

Voltage to neutral = = 3810 volts. 

Construct a diagram as in Fig. 193 and 196 and solve for 
OS , the voltage to neutral at the sending end. 

OS = 4490 volts. 

With the usual method of operation, a voltage to neutral 
of approximately 4490 volts at the sending end would be 
maintained under all conditions (unless a feeder voltage 
regulator is used; see Art. 63 and 72). 

The second step is to find what the voltage to neutral at 
the sending end would have to be, if the voltage at the re- 
ceiving end were to remain 6600 volts, or 3810 volts to 
neutral, under the new conditions of load and power-factor. 

P = V3 El cose. 

j _ 2,100,000 

1.73 X 6600 X 0.75 
= 246 amperes. 

Resistance drop = 2 X 246 = 492 volts. 

Reactance drop = 3 X 246 = 738 volts. 

Construct a diagram as in Fig. 193 and 196 and find the 
value of OS, the voltage to neutral at the sending end. 

OS = 4670 volts. 
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Thus the voltage to neutral at the sending end would have 
to rise to 4670 volts in order to keep the voltage of the load 
up to 6600 volts (3810 volts to neutral) when the extra load 
at a low power-factor was thrown on. 

But the conditions at the sending end are such that the 
voltage to neutral remains practically constant, 4490 volts 
at all loads. Therefore, if the sending voltage remains 
constant, the voltage . at the receiving end must fall on 
account of the extra line drop between the generator and 
the load. 

As a third step, we may then consider that the voltage to 
neutral of the sending end drops from 4670 volts to 4490 and 
compute the corresponding drop in the load voltage, from 
6600 to (HM of 6600), or 6360 volts. As a check on this 
value we have merely to compute what the generator volt- 
age would have to be in order to maintain a voltage of 6360 
volts (3670 volts to neutral) at the receiving end when 
loaded with 2100 kw. at 75 per cent power-factor. The 
check value is 4560 volts to neutral, showing an error of 
about 1.5 per cent. 

The error in this method lies in the fact that in the second 
step we have used too small a value for the line current. 
We may, therefore, better our result by repeating the second 
and third steps using a value for the line current, which we 
now know is more precise, as found by the equation 

2,100,000 

1 L73 X 6360 X 0.75 

= 255 amperes. 

By using 255 instead of 246 amperes for the line current, 
we find that it would require a generator voltage to neutral 
of 4710 volts to maintain 6600 volts between terminals at 
the load. With the generator voltage to neutral remaining 
4490, the load voltage would be X 6600, or 6290 volts, 
which checks to within less than 1 per cent. 

By repeating steps two and three a number of times, each 
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time using a more precise value for the line current, it is 
possible to obtain the load voltage to any desired degree of 
precision. For most practical work one such repetition is 
sufficient. 

Prob. 14-5. A 200-h.p. 2300- volt three-phase induction motor 
of 93 per cent efficiency has a power-factor of 90 per cent at full 
load. The distributing circuit has a resistance of 0.4 ohm and a 
reactance of 0.32 ohm per wire, (a) What must be the voltage 
at the generator end of the distributing line to operate the motor 
at rated load and at its rated voltage? 

(b) What is the voltage regulation, assuming a constant voltage 
at the generator end of the distributing line? 

Prob. 15-6. In starting, the induction motor of Prob. 14 takes 
three times normal current and the power-factor drops to 60 per cent. 
Assuming that the voltage at the generator end of the distributing 
line remains constant, what is the voltage across the motor on 
starting? 

Prob. 16-6. If the generator voltage in Prob. 13-5 remains 
constant, what will the voltage at the load become when the load 
consists of 2000 kw. at 95 per cent power-factor? Check and show 
per cent error. 

Prob. 17-5. What will be the voltage of the load in line of 
Prob. 13-5 when only 500 kw. are being delivered at unity power- 
factor? Compute per cent error due to this method. 

72. Feeder Voltage Regulators and Line-drop Compen- 
sators. We have already shown that it is desirable that 
the voltage at the load end of a transmission line or feeder 
and the voltage at the generator end of the line shall both bo 
maintained approximately constant (see Art. 7). We have 
seen that this may be accomplished by applying to each 
individual feeder a special type of transformer known as a 
Feeder Voltage Regulator, whose primary (high-tension) coil 
is shunted across the feeder lines and whose secondary is in 
scries with the feeder. (See Art. 63.) It is necessary to re- 
adjust the voltage regulator for each change of current or of 
power-factor in the feeder, inasmuch as such changes tend 
to alter the impedance drop on the feeder or the voltage at 
the load end of the feeder. The adjustment of the regulator 
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may be* accomplished by hand if tin; load conditions change 
slowly, or automatically by a small alternat ing-current motor 
actuated by a “contact-making volt-motor,” if the* le>ael con- 
ditions change* rapidly. 

\Yh(*ne*ve*r the* regulation of voltage* at the* loael e*nel of a 
feeder must be* ace*omplishe*d by adjustments (manual, or 
automatic by regulators) at the* generat ing station or at any 
point distant from the load, it be*e*ome*s necessary to have 
means of measuring the; load voltage from the; distant point. 
One method, of running small pressure; wire*s parallel to the 
feeder to e*onne*ct the* ve>ltme*te*r with the; distant terminals, 
be*e*e)me*s too e*xpensive when the fe*e*ele*r is lemg. Jn such 
cases, a “line-drop compensator ” is used. The* purpose* of 
this device* is to reproduce* to a definite* scale 1 , within the* local 
circuit of a voltniotor attached to the* fe*e*ele*r at its station 
e*nd, all of the reading voltage's produce*el in the line by the; 
currents flowing, so that the; voltniotor re*e*e;ive;s a pressure; 



Kio. 1 0S. Diagram of a “line-drop compensator.” Voltmeter 1* in- 
stalled in the generating station indicates the Voltage E i. at. the load, 
and not the voltage Eo of generating station. 'Hie voltmeter \’ 
really measures t he e.rn.f. aeross t he secondary of the potential in- 
strument. transformer I J , as alTeeted hy the resistance drop and the 
reactance drop of U and A\ which de|M>nd upon the line current. 

representing what is left at the load end of the line rather 
than the impressed voltage at the place where the voltmeter 
is attached. 
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feeder has its secondary connected to resistance and reactance in 
series. These are therefore traversed by a current which is always 
directly proportional to the current which flows in the feeder 
itself. By means of the contact-arms R and X various portions 
of the resistance drop’ and reactance drop may. be inserted in cir- 
cuit with the voltmeter V , which is also connected to the generator 
end of the feeder through the potential transformer PP. 

Now, if the contact-arms R and X are set so that the values of 
resistance and of reactance included between them bear the proper 
relation to each other and to the current ratio of the series trans- 
former CCy the e.m.f. 's from R and X diminish the e.m.f. from PP 
in exactly the same way and by exactly the same percentage that 
the back e.m.f. 's or voltage reactions in the main line diminish the 
voltage from the generator. Of course, if the connections of R and 
X to V and P are reversed, the line drop is added to instead of sub- 
tracted from the generator voltage, and no adjustment of R and X 
can be found which will make the indications of V proportional to 
the voltage at the load end of the feeder. 

Figure 199 illustrates the actual wiring of one of these line-drop 
compensators (D) in a single-phase feeder (P). The voltmeter V 
connects through the multiplier M (usually external with stationary 
types of voltmeter, though internal with portable types) to the low- 
tension side of the potential-transformer PP and the taps from the 
resistance and reactance in D. The current through this resistance 
and reactance is obtained from the secondary of the current-trans- 
former CC in series with the feeder. When the contact-arms on 
the compensator are set so that the relation of reactance drop and 
of resistance drop between them to the low-tension e.m.f. of PP is 
exactly the same as the relation of reactance drop and of resistance 
drop in the feeder to the voltage of the generator, then the indica- 
tions of V multiplied by a constant factor (ratio of P) give the 
voltage El but not the voltage Eq. In the case of polyphase 
feeders the connections are .more complicated, although the same 
principles apply. In this way, it is possible to know at the gener- 
ating station what adjustment must be made at the generator in 
order to keep the voltage at the load constant. 

Note : In the following problems, neglect the resistance and reactance 
of the instrument transformers. 

Prob. 18 - 6 . In Fig. 198, the current ratio of CC is 100 : 1, and 
the voltage ratio of PP is 20 : 1. The single-phase feeder has 
altogether 10 ohms reactance and 2 ohms resistance, (a) What 
should be the amount of resistance and of reactance, in ohms, be- 
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tween R and X in order that the voltmeter V shall indicate in fixed 
ratio to the load voltage El? (6) What factor must the actual 
voltages at V be multiplied by in order to obtain the correct value 
of El volts? 

Prob. 10-5. The single-phase feeder of Fig. 198 is designed to 
deliver 400 kw. at 0.80 power-factor and 2300 volts (= E L ), with a 
voltage regulation (at this power-factor) of 10 per cent and a trans- 
mission efficiency of 95 per cent. If the ratio of CC is 100 : 1, and 
of PP is 20 : 1, (a) what must be the values, in ohms, of resistance 
and reactance included between the contact-arms R and X, and (6) 
by what ratio must the voltage V be multiplied to obtain the 
voltage E l 1 

Prob. 20-5. The feeder of Fig. 198 supplies load at a distance 
of 5 miles over No. 00 wires spaced 36 inches apart. E 0 = 6600 
volts and the ratio of PP is 60 : 1 . What must be the ratio of CC 
(nearest larger multiple of 5) in order that we may use as much 
of each dial as possible on a line-drop compensator having a 
maximum range of 10 ohms resistance and 10 ohms reactance, to 
indicate the voltage E l when the load has its maximum value of 
500 kw. at 0.80 power-factor? Frequency, 60 cycles. 

Prob. 21-6. (a) Assuming that we select for CC in Prob. 20 a 

transformer having a ratio which is the nearest larger multiple of 
5 to the ratio which we theoretically require, calculate how many 
ohms of resistance R and reactance X must be tapped off in the 
compensator to make the reading of V as nearly as possible pro- 
portional to El- (b) What then will be the ratio between the 
actual voltages E L and V? 

Prob. 22-5. If each dial R and X in Prob. 21 has only ten 
equal steps of resistance or of reactance, 1 ohm each, calculate: 

(а) The setting of each dial which will make the indications of V 
as nearly as possible proportional to E L . 

(б) The ratio of El volts to V volts for this setting of dial R 
and X , which will make V represent El with full load delivered 
from the feeder. 

(c) The percentage error involved when the product of the ratio 
of (6) times the voltage V is assumed to represent the voltage 
E l at zero load. 
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THE VOLTAGE at which electrical power is transmitted 
over short distances is usually about 1000 volts per mile. 

IN AMERICA, ALTERNATING CURRENT is used in prac- 
tically all industrial installations, the potential of which is 
above 560 volts. 

THE FREQUENCIES in greatest use are 25 cycles for 
railway and power work and 60 cycles for lighting. 

THE MOST ECONOMICAL SIZE OF TRANSMISSION 
WIRE is that size which results in the smallest sum total of 
annual fixed charges (such as interest in money invested, 
taxes, repairs and depreciation) and annual cost of energy 
lost in the line. The stun of these items becomes a minim um 
when the fixed charges equal the cost of lost energy. 

THE VOLTAGE REGULATION OF THE LINE must also 
be taken into consideration when determining the size of wire 
to be used for transmission unless proper regulation is accom- 
plished by feeder voltage regulators. The voltage regulation 
of a line equals 

(No-load voltage) — (Full-load voltage) 

(Full-load voltage) 

These voltages must be measured at the load end of the 
line. Good regulation for power service ranges between 5 and 
10 per cent. For lighting service it should never exceed 5 
per cent. 

THE INDUCTIVE REACTANCE of a line causes voltage to 
be consumed in the line when an alternating current is sent 
over the line. This reactance drop leads the resistance drop 
by 00°. 

THE GENERATOR VOLTAGE equals the no-load voltage 
at the load end of a short line, and can be found by adding 
vectorially the reactance drop and the resistance drop to the 
voltage at the load end. 
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A THREE-PHASE TRANSMISSION LINE is more eco- 
nomical than a single-phase line for transmitting a given amount 
of power to a given distance, and has better regulation under 
the same conditions. In a three-phase system the voltage to 
neutral and the resistance and reactance drop in one line con- 
ductor are always used in computing the regulation. 

TO COMPUTE THE VOLTAGE AT THE LOAD END of a 
transmission line corresponding to any amount of load and 
power-factor : 

FIRST STEP. Compute the voltage at the generator end 
of line from data under normal conditions. 

SECOND STEP. Compute what the voltage at the gener- 
ator end would have to be in order to maintain the same con- 
stant voltage at load end under new conditions of load. 

THIRD STEP. The voltage at the load end under new con- 
ditions is practically the same fraction of the voltage under 
normal conditions, that the generator voltage computed by 
the “ first step ” is of that computed by the “ second step.” 
This method is an approximation which is precise enough for 
all practical conditions. 

FEEDER VOLTAGE REGULATORS are used to maintain 
a constant voltage at the load when power-factor or power is 
varied within prescribed limits. Such regulators may be oper- 
ated automatically by a motor controlled by a contact-making 
voltmeter. 

LINE-DROP COMPENSATORS are combinations of ad- 
justable resistance and adjustable reactance intended to be 
connected to the feeder and to the voltmeter through proper 
instrument transformers suitably arranged. When properly 
adjusted they cause the voltmeter at the station to indicate 
the voltage at the distant end of the feeder for all values of 
power and power-factor at the load. 



PROBLEMS ON CHAPTER V 

Prob. 23-5. The 11000-volt 3-phase 8-mile pole line of the 
Southern Power Co., running from Catawba to Pineville, is strung 
with aluminum stranded cable, the resistance of which is equiva- 
lent to the resistance of No. 2 copper wire. The load at Pineville 
consists of three 37.5-kv-a. and three 125-kv-a. transformers. Power- 
factor of load equals 80 per cent; frequency, 60 cycles. Compute 
the voltage regulation of this line. (Elec, Jour., Vol. VIII.) 

Prob. 24-6. Assuming the voltage at Catawba to remain con- 
stant at the value found in Prob. 23, compute the voltage at Pine- 
ville when only 150 kw. at 95 per cent power-factor are being used 
there. 

Prob. 25-5. Calculate the most economical size of copper wire 
for the three-phase distributing system of Prob. 23. Estimate 
cdpper conductor at 19 cents per pound; fixed charges at 9 per 
cent of line cost; electric energy at 4 mills per kw-lir., 3000 hr. 
at full load per year. 

Prob. 26-5. A distributing system arranged as in Fig. 200 is 
delivering 400 kw. at 6600 volts and 80 per cent power-factor to 



Fin. 200. Power is distributed over the three-wire line to sub-station 
A and to sub-station B which is on a spur line. 


transformer at sub-station A, and 250 kw. with 90 per cent power- 
factor to the sub-station B, which is near the main line. The con- 
ductors from A to B are No. 1 solid copper, and from B to the 
generating station S are stranded copper No. 00. The conductors 
are arranged as in Fig. 195, 30-inch spacing throughout, (a) Com- 
pute the voltage at B and at the station S. (b) What is the line 
regulation at A and at B ? 
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Prob. 27 - 5 . If the station at B is on a spur line 5 miles from 
the main line, compute (a) and (6) of Prob. 26. The wires from 
main line to B are of No. 2 solid copper. 

Prob. 28-5. Assuming the rate of interest and depreciation, 
the cost per pound of installed copper cable, hours of use, etc., to 
be as in Example, deduce an expression relating the total annual 
fixed charges in dollars, to the size of conductor denoted by the 
symbol r, representing the resistance in ohms per mile ot conductor. 
At 20° C. commercial annealed copper wire has a weight of 0.3195 
pounds per cubic inch and resistivity of 872.5 ohms per mile-pound. 

Prob. 29 - 5 . Assuming data as in Example and Prob. 28, 
deduce an expression relating the annual value (dollars) of energy 
lost in the line conductors, to the size of conductor denoted by 
symbol r representing its resistance in ohms per mile. 

Prob. 30-5. If the variation of all items in the first cost of a 
transmission line which depends upon the size of conductor were 
to be in direct proportion to the weight per mile of the conductor, 
the lowest total annual cost of transmission would be attained 
when the conductor is of such size that the annual fixed charges 
are exactly equal to the annual value of energy lost in the line. 
Assuming this to be true (which it is, nearly enough for rough, 
practical calculations), calculate the exact size in ohms per mile 
and in circular mils of the most economical conductor in Example 
1. (a) For Table I. (b) For Table II. (c) For Table III. 

Prob. 31-6. To be ready for growth of load expected in the 
near future, the size of wire installed in a transmission line may be 
made larger than that calculated to be the most economical size 
for the present loading. Under the conditions of Example and by 
the methods outlined in Prob. 2S, 29 and 30, calculate how much 
(per cent) greater than the least total cost of transmission, the 
annual cost would be if the line wire were made larger than the 
most economical size by (a) 50 per cent; (6) 100 per cent; (c) 200 
per cent. 

Prob. 32-6. The transmission specified in Example is to be 
installed under the condition that it is for temporary service only, 
and will be dismantled at the end of four years with a scrap value 
equal to 40 per cent of the initial cost. Assume that the money 
put aside for depreciation charges does not earn interest, and that 
the tax rate, cost of copper and value of energy, etc., are as in 
Example 1. Calculate the most economic size of conductor in this 
case: (a) In ohms per mile. (6) In circular mils. 



SHORT TRANSMISSION LINES 


357 


Prob. 33—5. Other conditions being ns specified in Example, 
calculate what percentage decrease in the value per kw-hr. of 
energy would justify a saving of 25 per cent in the amount of 
conductor material used. 

Prob. 34-5. A rule for rough calculations of transmission line 
is to allow in the conductors a power loss equal to approximately 
10 per cent of the power delivered. Other conditions being as in 
Example 1, calculate what relation of the cost per pound of copper 
installed to the value of a kilowatt-hour will make it permissible 
to use this rule. The equations and methods suggested in Prob. 
28, 29 and 30 may be used here to advantage. 

Prob. 35-6. Good voltage regulation (without the aid of volt- 
age regulators) on the short transmission in Example, Table I, 
demands that the resistance drop be not greater than 3 per cent 
of the voltage delivered at the load (11,000 volts). Calculate how 
much greater than the least value must be the annual cost of this 
transmission, in order to accomplish such regulation without a 
feeder voltage regulator. Power-factor, 80%. 

Prob. 36-5. Show, for the general case, that when the most 
economical size of conductor is chosen, the voltage drop per mile of 
conductor due to resistance is dependent only upon the material and 
cost per pound of conductor, the percentage of fixed charges on 
this cost, hours of use, and the value of a kilowatt-hour saved from 
the line losses; that it does not depend upon the amount of power 
transmitted, the total distance or length of transmission line, volt- 
age between conductors, or any other factor. 

Prob. 37-5. Show that the most economical size of conductor 
under any given conditions requires the line to be proportioned on 
the basis of a certain number of circular mils of sectional area per 
ampere of current transmitted, and that tliis number depends 
upon the same factors as stated in Prob. 36 for the resistance drop 
per mile of conductor with most economical size. 

Prob. 35-5. Calculate the percentage regulation at unity power- 
factor for the line of Example, when the frequency is (a) 25 cycles 
per second. (6) 133 cycles per second. 

Prob. 39-5. Calculate the percentage regulation at 80 per cent 
power-factor for the line of Example, when the frequency is (a) 
25 cycles per second. (6) 133 cycles per second. 

Prob. 40-5. From the data in Table III, Appendix B, draw 
a curve using as abscissas the distance between wires (range 1 
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inch to 120 inches), and as ordinates the inductive reactance (ohms 
per mile of single conductor). Consider only a 350,000 cir-mil 
conductor. Explain reasons for the form of this curve. 

Prob. 41-5. From the data in Tabic III, Appendix B, draw a 
curve using as abscissas the size of wire (cir. mils, from one million 
to No. 6 B. & S. gauge), and as ordinates the inductive reactance 
(ohms per mile of single conductor). Consider only a spacing of 
30 inches. Explain reasons for the form of this curve. 

Prob. 42-5. Calculate the voltage regulation of the line speci- 
fied in Example 1 (with power-factor of 0.8 at receiving end) corre- 
sponding to spacings of 2, 4, 6, 8 and 10 feet, and using a 350,000 
cir-mil conductor. Draw a curve between spacing (in feet) as 
abscissas, and percentage regulation as ordinates. Explain reasons 
for the form of this curve. 

Prob. 43-6. (a) With a power-factor of 80 per cent at the load 

in Fig. 193, what will be the power-factor at the generator terminals? 

(b) What should be the ratio of reactance to resistance of the 
line to which Fig. 193 refers, in order that the power-factors at load 
and at generator terminals may be equal? 

(c) If the size of wire be chosen so that the resistance drop is 
equal to the reactance drop in Fig. 193, what should be the voltage 
regulation? 

Prob. 44-5. Calculate the percentage regulation on basis of 
data given in Example, with load having 0.80 power-factor, the 
spacing and size of wire being adjusted to give the following con- 
stants for the line: (a) Resistance of line — 2 ohms, reactance = 4 
ohms; (6) Resistance of line = 4 ohms, reactance = 2 ohms. 
Compare and discuss these results. 

Prob. 45-6. If the frequency of the line in Prob. 44-5 were 
reduced from 60 cycles to 25 cycles per second, what would the 
answers to questions (a) and (b) become? Compare these values 
with each other and with corresponding values from Prob. 44-5. 

Prob. 40—6. Required, to calculate what size,, conductor is re- 
quired for the transmission specified in Example, with a spacing 
of 30 inches, in order that the voltage regulation of the line shall 
not exceed 8 per cent. Power-factor of load assumed 100 per cent. 
Proceed as follows: 

(a) Find tentative value for size of line (B. & S. gauge number, 
or circular mils), on the assumption that entire change of voltage is 
due to resistance only. 
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(6) Using reactance taken from tables for this size and the 
given spacing, calculate the regulation of the line. 

(c) If the regulation obtained in (6) differs appreciably from the 
specified value, repeat the calculation for the next larger or smaller 
sizes of conductor with same spacing, and so on until the proper 
size is found. 

Prob. 47-5. Deduce an expression or equation to show the re- 
lation of the most economical size of conductor (circular mils) to 
the factors upon which it depends, such as amount of power to be 
delivered ( P watts), pressure at load ( E volts between line wires), 
power-factor (cos $) , cost per pound of installed conductor (c dol- 
lars), fixed charges (p per cent), value of one kilowatt-hour saved 
( h dollars), and equivalent number of hours used per year of rated 
load (y hours). Assume three-phase three- wire lines of annealed 
copper. 

Prob. 48-5. Solve Prob. 47-5 on basis of a three-phase three- 
wire line of aluminum cable. See Prob. 2-5 for data on aluminum. 

Prob. 49-6. Solve Prob. 47-5 on basis of a single-phase two- 
wire line of copper conductors. 

Prob. 60-6. Solve Prob. 47-5 on basis of a four-wire two-phase 
line of copper conductors. 

Prob. 61-5. Using the method of procedure outlined in Prob. 
46-5 and the data given in Prob. 13-5, calculate what size of con- 
ductor (13. & S. gauge, or circular mils, nearest standard size) 
should be used to keep the voltage regulation of this three-phase 
line within 8 per cent. 

Prob. 62-6. If the load at B in Prob. 26-5 consisted of over- 
excited synchronous motors, sp that the 90 per cent power-factor 
was due to a leading current, what would be the values of (a) in 
Prob. 26-5? 

Prob. 63-6. The voltage of a central station is 13,000 volts, 60 
cycles, three-phase. How far can this station transmit 1000 kw. at 
85 per cent power-factor with a line regulation of 15 per cent? 
Conductors are No. 000 stranded copper spaced 36 inches equi- 
distant. 

Prob. 64-5. If the power-factor of the load in Prob. 53-5 were 
raised to unity, how much farther could the power be transmitted 
with the same regulation? 

Prob. 66-6. An eleven-mile three-phase line with 16,000 volts, 
60 cycles, at the sending end is to supply power at 92 per cent 
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power-factor and 8 per cent regulation. The line consists of 
stranded al uminum cables spaced 36 inches equidistant and of a 
size equivalent in resistance to 260,000 cir-mil copper. How 
much power can it deliver under these specifications? 

Prob. 66-6. In the system shown in Fig. 201, the distance be- 
tween the generating station G and the receiving end is 8 miles. 



Fig. 201. Diagram of a system for transmitting the power of the 
station G to the three single-phase transformers A, B and C. 


The voltage at the receiving end is 11,000 volts, 60 cycles, when 
each transformer has its full load of 600 kw. at 90 per cent power- 
factor. The line wires consist of 400,000 cir-mil stranded copper 
spaced 3 feet apart, as in Fig. 195. Compute the voltage at the 
generating station. 

Prob. 67-6. The transformers of Prob. 56 become loaded as 
follows: Each transformer has a load of 500 kw. at 80 per cent 
power-factor. Assuming that the voltage at generator station re- 
mains as in Prob. 56, what will the voltage across each load trans- 
former become? Check your computed voltages and state per 
cent error. 

Prob. 66-6. What e.m.f. will be obtained between line wires at 
the load end of a three-phase three-wire line 10 miles long, of No. 
000 copper with wires spaced as in Fig. 195 and 30 inches apart 
(constants as in Tables I and III of Appendix B), carrying a bal- 
anced 60-cycle load of 80 amperes per wire from a generator whose 
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e.m.f. is 11,000 volts between any two terminals? Power-factor 
at generator is 80 per cent. 

Prob. 69-5. Calculate the voltage at the load end of the lino 
in Prob. 58 when the current is 40 ampere's and when it is 120 
amperes per wire, while the voltage at the generator terminals 
and the power-factor at the load remain constant. Draw a curve 
to suitable scale, using kv-a. delivered as abscissas, and load voltage 
as ordinates (voltage characteristic of the line). Discuss the form 
of this curve. 

Prob. 60-6. While the line specified in Prob. 58 is delivering 
00 amperes per wire at 87 per cent power-factor to a balanced load 
at the end of the line, another balanced three-phase load of 40 
amperes per wire at 50 per cent power-factor is tapped from the 
middle point of the line. Calculate the voltage between line wires 
and the kilovolt-amperes and kilowatt output at each load. The 
station pressure is 11,000 volts. 

Prob. 61-6. Calculate the amperes per wire and the power- 
factor at the station for Prob. (50. Calculate also the total 
kilovolt-amperes and kilowatt output at the station, and the 
cfliciency of transmission. 

Prob. 62-5. If the voltage impressed upon the sending (station) 
end of the line of Prob. 58 is 11,000, what will be the voltage be- 
tween wires at the receiving end where a balanced load of 870 kw. 
at 87 per cent power-factor is being consumed? What will be the 
current per wire and the station power-factor under this condition? 



CHAPTER VI 


LONG TRANSMISSION LINES. CAPACITY 
REACTANCE 

Thk city of Oakland, Cal., is supplied with electric power 
from the Big Bend power plant 154 miles away. A map 

lint* is shown in Fig. 202. Two 


showing the location of the 
three-phase lines are run on 


Bitf Bond 
Power riant 



Fid. 202. Map showing the route 
of the 100,000-volt line from Big 
Bend to Oakland, Cal. Faccioli . 
in the Trans. A J.K.E . 


the same towers in the manner 
shown in Fig. 203. Each 
conductor is a seven-strand 
copper cable, No. 000 B. & S. 
gauge. A three-phase gener- 
ator by means of transform- 
ers can supply 10,000 kv-a. 
at 100,000 volts, 00 cycle*, to 
the power-plant, end of the 
line. 

Here is a long high-voltage 
transmission line, the charac- 
teristics of which are essen- 
tially different from the short 
lines which we studied in 
the previous chapter. Many 
facts come to light which are 
startling, when wc first per- 
ceive them. For instance, 


when the Oakland end of the line was open, an ammeter 
inserted in the line Avirc near the power plant showed that a 
current of 48 amperes was flowing along the conductors at 
the power-house end. The voltage between the conductors 
at the open Oakland end was found to be 111,000 volts, 
while at the power plant end it was only 89,000 volts. 
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Why should this largo current flow into the line conductors 
when the receiving end is open? Why, under these? condi- 



Fni. 203. Type of transmission lines used on the Big Bend-Oak land 
Line. Eaccioli in the Trans. A.I.E.E. 


lions, should the voltage at the receiving end he higher than 
the voltage at the sending end? 

73. Capacitance. The answer to those questions involves 
a study of the characteristics peculiar to long transmission 
lines. The line current of 48 amperes, for instance, is due 
to the fact that these wires, 154 miles long, offer a large 
surface which must bo covered by the electric charge every 
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time the voltage changes. Thus when the voltage is rising 
to its maximum positive value, a charge of electricity is 
forced out over the line wire to fill it up with electricity. 
Then as the pressure dies out, this charge flows back, there 
being no pressure to keep it forced out along the wire. 

It is as though w r e were forcing water through an elastic 
pipe. Even though the far end of the pipe were plugged, the 
walls would stretch and allow a quantity of water to flow into 
the pipe. This quantity would depend upon how elastic the 
pipe was and upon how great the pressure was. As soon as 
the pressure on the pipe was removed, the elasticity of the 
pipe would cause tin; water to flow back again. Thus if 
the pressure were intermittent or alternating, there would be 
an intermittent or an alternating surge of water through the 
sending end of the pipe. 

Similarly the electric line possesses a sort of elasticity to 
the electricity. Electric elasticity is called the Capacitance of 
the line. 

This electric elasticity, or capacitance, allows an electric 
pressure to send a charging current into the line in order to 
fill it. This sets up a sort of electric strain along the wire, 
so that when the applied pressure is removed, the back- 
pressure due to this electric strain forces back the electricity, 
just as the pressure due to the strained condition of the water 
pipe forces back the water as soon as the applied water 
pressure is removed. Accordingly, if the electric pressure; 
is continually alternating, the electricity will be forced out 
and back along the line, producing an alternating current 
of electricity along the conductor. 

We have said that the amount of the water forced in and 
out of a water pipe depends upon how great the elasticity of 
the pipe line is and upon how large the applied pressure is. 
Similarly the amount of electricity forced out and back 
along a conductor depends upon how great the elasticity 
(or capacitance) of the line is, and upon how much pressure 
is applied to it. In fact, we measure the capacitance of a 
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conductor by the quantity of electricity, in ampere-seconds, 
which one volt pressure can supply to a conductor when 
applied to it. 

If the elasticity (or capacitance) of the conductor is so large 
that a pressure of one volt causes one ampere-second (one 
coulomb) of electricity to be supplied to the conductor, we say 
that the conductor has unit capacitance. 

This unit of capacitance of one ampere-second per volt is 
called a Farad. But no conductor has such a large capaci- 
tance that one volt pressure can force anywhere near an 
ampere-second on it, so we commonly use one-millionth of 
the farad as a unit capacitance and call it a Microfarad. 

Thus a conductor has a microfarad capacitance when the 
application of one volt supplies one-millionth of an ampere- 
second to the conductor. This 154-mile conductor has a 
capacitance of only 2.2 mf. and one volt pressure would 
supply only 0.0000022 amp-sec. to it. 

Thus when there is no pressure between the ground and 
a conductor of 2.2 mf. capacity, there is no electric charge 
upon it, but when there exists a steady pressure of one volt 
between tha ground and the conductor there is a charge 
of 2.2 millionths of an ampere-second upon the conductor. 

If the voltage between the ground and the conductor 
were raised to a steady value of 2 volts, there would be an 
electric charge of 4.4 millionths of an ampere-second on 
the conductor. A steady value of 100,000 volts between 
the conductor and the ground would put a charge of 0.22 
amp-sec. upon the conductor. 

74. Condensers. The combination of the ground and 
the wire is said to constitute a condenser. Any two con- 
ductors separated by a non-conductor, such as air, mica, 
glass, etc., make a condenser. 

The capacitance of a condenser depends upon how much 
surface the two conductors have, how far* apart the conduc- 
tors are, and what kind of material is between them. It does 
not depend upon the kind of material in the conductors. 
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If the surfaces of the two conductors are large, if the dis- 
tance between them is very small, and if the material in this 
separating space is glass or mica, the capacitance of the 
condenser will be comparatively large. Commercial con- 
densers for use with induction coils are made by putting 
t.hin strips of mica or oiled paper between sheets of tin or 
lead foil. The sheets of foil constitute the conductors and 
the mica acts as an insulator. Mica thus used is called 
the dielectric. 

Fig. 204 shows the conventional diagram of such a con- 
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Fiu. 204. The conventional diagram of a con- 
denser connected to a battery cell. 


Fig. 205. The con- 
ventional symbol 
used to represent 
capacitance. 


denser joined to a battery cell. Note that alternate plates 
are joined to one side of the line and the remaining plates 
to the other battery terminal. This gives a large area to 
each conductor, and at the same time places the conductors 
very near to each other. The dielectric is not represented 
in the diagram. The conventional form for illustrating 
capacitance is the symbol of Fig. 205. 



Fig. 206. Conventional diagram of a line wire, the capacitance (to 
ground) of which is represented by two condensers, one at each end. 


Thus Fig. 206- represents a transmission wire, with the 
capacitance to ground considered as concentrated in a con- 
denser at each end. This is much simpler in computa- 
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tions ^than considering the line to have its elasticity or 
capacitance distributed along the line. The transmission 
line can then be likened to a non-elastic pipe line with an 
air chamber at each end. 


Example 1. The ground and one wire of theBig Bend-Oakland 
line constitute a condenser of 2.2 mf. capacity. If a pressure of 
110 volts, direct current, is applied between the wire and the 
ground, how much electricity will be forced on the wire? 

1 volt will force 0.0000022 amp-sec. on the wire. 

110 volts will force 

110 X 0.0000022 = 0.000242 amp-sec. 

Or in the form of an equation 
Q = CE 

when Q ** quantity of electricity in amp-sec. 

C = capacitance of condenser in farads. 

E — pressure between conductors in volts. . 

In this case, 

Q = 0.0000022 X 110 
= 0.000242 amp-sec. 


Example 2. If the electricity takes 0.002 sec. to fill up the line 
in Example 1, what average current will flow into the line during 
the time of charging? 


Ay. current — 


Quantity 

Time 


amp-sec. 

sec. 


amperes X seconds 
seconds 


amperes 


0.000242 

0.002 

= 0.121 amp. 

Prob. 1-6. What is the capacitance of a condenser that holds 
0.012 ampere-second under a pressure of 110 volts? 

Prob. 2-6. How many volts would be required to put 0.07 
ampere-second into the condenser of Prob. 1? 

Prob. 3-6. The capacitance of a condenser is 30 mf. How 
many ampere-seconds will it hold when the pressure is 220 volts? 

Prob. 4-6. What is the average charging current if it takes 
0.05 sec. for the condenser in Prob. 3 to become fully charged on a 
110-volt circuit? 
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Prob. 5-6. If the condenser in Prob. 4 were placed oik a 240- 
volt circuit and it took same length of time to charge, what would 
be the average current? 




I+++ A 

_±l 





|___o 


76. Cause of Condenser Action. Condenser action is 
best explained by referring to the generally accepted theory 
that electricity consists of two kinds, — one called positive 
electricity and the other, negative electricity. 

Thus, by this theory, a battery or a generator sends out 
two streams of electricity, one flowing around the circuit 
in one direction, the other in the other direction. In Fig. 
207, the battery cell may be thought of as sending out a 

stream of positive charges to the 
plate A , and of negative charges to 
the plate B } since A is connected 
to the positive terminal and B to 
the negative terminal of the bat- 
tery. According to this theory 
one-half of the work in an electric 
circuit is done by the positive 
charges flowing in one direction, 
and the other half by the negative 
charges flowing in the other direction. This part of the 
theory need not confuse us, since the work done is the same 
whether it is all done by the negative or all by the posi- 
tive or is divided between the two. 

The part of the theory that particularly interests us is 
that which' deals with these two kinds of electricity, nega- 
tive and positive, in their effects upon each other. 

It has been found by experiment that the laws for bodies 
so charged are similar to the laws for bodies magnetized. 
It must not be inferred from this statement that electricity 
and magnetism are the same. They are not the same, though 
they exhibit peculiar interrelations and analogies. 

Electrified bodies resemble magnetized bodies in that 
bodies charged with the same kind of electricity repel one 


Fig. 207. The battery may 
be considered to send out 
positive charges of elec- 
tricity to plate A and neg- 
ative charges to plate B. 
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another, while bodies charged with unlike kinds attract 
one another. This is usually illustrated as follows: 

If we bring near together two objects which have unlike 
charges, they attract each other with considerable force: 
and the charge on one seems to attract the charge on the 
other. 

Thus A , in Fig. 208, represents an insolated wire which 



Fig. 208. The electric 
charge on an isolated 
wire would be distrib- 
uted practically uni- 
formly around the wire. 


Fig. 209. Two like charges would 
repel each other and cause this 
unequal distribution on the con- 
ductors placed near each other. 



has a positive charge of electricity. The charge is distrib- 
uted practically uniformly around the wire. If a wire B 
similarly charged were brought 
near A, the charges would appear 
to repel each other and the dis- 
tribution would be somewhat as 

in Fig. 209. If, however, a wire C Flo 210 . Two un i ike charges 
negatively charged were brought attract each other, 
near A , the charges would appear 

to attract each other and the distribution would be as in 
Fig. 210. The two charges in this case are said to bind each 
other. 

Now suppose wire A were connected to a source of supply 
of positive electricity as, for example, to the positive termi- 
nal of a battery .cell or a generator, and wire C were con- 
nected to a source of supply of negative electricity, for 
example, the negative terminal of a cell or a generator. 
Fig. 207 represents such a case. It is easy to imagine now, 
how the positive charge on A draws a much larger negative 
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charge from the battery cell out to B than if A were not 
near B. Also the negative charge on B, in turn, attracts 
a much larger charge of positive electricity from the battery 
cell out to A . The nearer A and B are together, the greater 
this attraction will be, and the greater the charge each will 
have. In this way the binding effect of one charge on 
another is very evident. The result is that two plates will 
hold a larger charge, with the same difference of potential 
or voltage between them, if they are near together, than if 
they are separated by a large distance. They will thus 
have a greater capacitance according to our definition of 
capacitance. Of course the larger the plates, the greater 
the capacitance also. 

76. A Transmission Line as a Condenser. Now a con- 
ductor of a transmission line acts as one plate of a con- 
denser, and the ground as the other plate. When the wire 
is charged with positive electricity, it tends to repel the 
positive electricity from that part of the ground nearest 
the wire, and to attract or “bind” the negative charge in 
the earth near the wire.* The binding effect of these two 
charges upon each other produces the condenser-effect of 
the line. Two wires near each other may act as the two 
plates, and the air between as the dielectric. In under- 
ground cables the cable acts as one plate of a condenser, 
the protective sheath of lead acts as the other plate of the 
condenser, and the insulating material as the dielectric. 
Due to the nearness of the ground or sheath to the wires in 
underground cables, the capacitance of such lines is very 
large in comparison with the capacitance of the usual over- 
head lines. 

Since most transmission lines^consist of at least two con- 

* Experience seems to indicate, in terms of the theory just stated, 
that when a conductor is apparently not charged either positively or 
negatively, it in reality contains equal charges of negative and positive 
electricity which exactly neutralize each other. A charge on a con- 
ductor thus means an excess of positive or of negative electricity. 
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ductors, it is more convenient, in computing the capacity 
, of a line, to consider one wire as one plate of a condenser 
and the return wire as the other plate and to neglect the 
effect of the ground. The error in- + — 

volved in this method is very slight * K. B 

indeed, as will be seen from a study ^ t ^ 

of the diagram of Fig. 211. If con- 
ductor A at any instant were posi- 
tive, the return conductor B would 
at that instant be negative, thus 
forming the positive and negative 
plates of a condenser with an air 
dielectric. The conductor A would 
tend also to bind a negative charge 
on that portion of the ground 
nearest the wire, and B would 

tend to bind a positive charge on Fici. 211. The conductors 
that portion of the ground nearest A 811(1 B cause about 

near to each other and so far from % bound on the afc 

the ground that one wire affects * the base of the pole. Thus 
any point on the ground with al- . one wire neutralizes the 
most the same strength as the ° ther as far as the capac- 
other wire, and thus one just about t0 gr ° un 18 oon " 

neutralizes the other's effect, as far 

as binding A charge on the ground is concerned. Thus the 
ground, not being oppositely charged with respect to either 
wire, does not act to either as the plate of a condenser. 
The same is true of the sheath of a cable containing more 
than one conductor. 

77. Condensers in Parallel and in Series. In order to 
understand the application of the formula for the capaci- 
tance of transmission lines it is necessary to note the ef- 
fect of joining a number of condensers in Parallel and in 
Series. 
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CONDENSERS IN PARALLEL. Consider two condensers I and II, 
Fig. 212, joined in parallel across the mains, the voltage of which 



Fig. 212. The two condensers I and II are joined in parallel across a 
line haying a voltage of E. The capacitance of the two parallel 
condensers equals C\ 4 - C 2 . 

is E. The capacitance of condenser I is Ci; of condenser II, C 2 . 
Find the combined capacitance of the two when so joined. 

Let C be the combined capacitance; 

Qi = quantity of charge in condenser I; 

Qz = quantity of charge in condenser II. 

Then total quantity in both condensers — Q t 4- Q 2 . 

(1) Qi 4- - CE. 

(Quantity of total charge equals total voltage times total capaci- 
tance.) 

But _ Q l= =CiE 

and Q 2 = C*E. 

Therefore (2) Qi + Q 2 = ( C l 4- C 2 ) E. 

* From (1) and (2) we have 

CE = (C, 4- C 2 ) E, 
or 

C - C\ 4- C 2 . 

Thus the capacitance of condensers joined in parallel equals 
the sum of the capacitances of the separate condensers. Join- 
ing condensers in parallel is merely adding the plate area of one to 
that of the other. 

Example 3. What is the capacitance of 4 condensers of 3, 0.2, 
7 and 2.5 microfarads respectively, when joined in parallel? 

C ~ C\ 4" C% 4“ . . . . 

C = 3 4- 0.2 4- 7 4- 2.5 « 12.7 microfarads. 

Prob. 6-6. What charge is sent into condenser I, Fig. 212, 
when E — 120 volts? Capacitance of I = 6 mf. 

Prob. 7—6. (a) What charge is sent into condenser II, Fig. 212, 

when E = 120 volts? (6) What charge goes to combination? 
Capacitance of II = 4 mf. 
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CONDENSERS in SERIES. Condensers in series present a pecu- 
liar phenomenon. Let condenser I of capacitance C\ t Fig. 213, be 



Fig. 213. The condensers I and II are joined in series across the line 
having a voltage of E. The reciprocal of the capacitance of the series 

combinations of condensers equals ^ . 


joined in series with condenser II of capacitance C 2 . Let E be 
voltage across combination, Ei across condenser I, and E 2 across 
condenser II. 

The charge Q is sent into the condensers under the action of the 
voltage E. Since the two condensers are in series the same charge 
must be sent into each, just as the same current is sent through 
resistances in series. Thus the charge sent into each is Q, and the 
charge sent into the combination is also the same Q. 

Let C = combined capacitance of C\ and C 2 . 


(1) 


E 


Q. 

C' 


E ! 
E 2 

But 

(2) E 

Therefore, from (1) and (2), 

Q 

c 

and 


Q . 
c v 

Q 

c* 

Ei 4- E 2 . 

Q , Q . 
5 + c,’ 


l 

c 



i 

c* 
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Thus the reciprocal of the combined capacitance of condensers 
in series equals the sum of the reciprocals of the capacitances 
of the separate condensers. 

Example 4. • If the capacitance of condenser I in Fig. 213 is 
2 mf. and that of condenser II, 5 mf., what is the capacitance of 
the two condensers joined in series? 


1 

C 

1 

C 

c 


JL , JL. 



1 ..JL. 

5 10 ’ 


1.43 mf. 


Prob. 8-0. What charge is sent into the condensers, of above 
example, if the voltage across the combination is 120 volts? 

Prob. 9-6. What is the voltage across condenser I and across 
condenser II, Fig. 213, if voltage across the two in series is 120 
volts? Capacitance of I = 8 mf ., of II = 3 mf . 

For the purpose of calculating line capacitance it is merely 
necessary to know that: 

Joining in parallel two condensers of equal capacitance pro- 
duces a combination having double the capacitance of each 
condenser. 

Joining these condensers in series produces a combination 
having half the capacitance of each. 

78. Formula for Capacitance of Overhead Cables. Two- 
Wire. If we had to work with two-wire lines only, the 
simplest formula for capacitance would be 

logio; 

in which 

C m = capacitance, in microfarads, of one mile of line 
(2 wires). 

8 = distance between wire centers in inches, 
r = radius of each wire in inches. 

* For the denvatiop of this formula, see Fender’s “ Principles of Elec- 
trical Engineering,” page 271. 
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Example 6. What is the capacitance of a 40-mile two-wire line, 
if the conductors are No. 00 solid wires and spaced 4 feet apart? 
By the formula, the capacitance per mile: 




0.0194 

log- 


s = 48 inches. 

d = diameter of No. 00 wire = 0.304S inch, 
r = 0.1 S2. 

_ 0.0194 

Cm — 


i ls 

° K 0.1X2 
= 0.00X02 inf. 


Fig. 214 shows the distribution of capacitance in a 4-mile line. 
TJu* capacitance of each mile of the line is represented by a con- 
denser placed between the line wires. Note that the four conden- 


k- -1-mi.- >j^ — 1 mi- >{< Hui; lrair 

A [ I i i 


Hi 



a 

1 


W 


A 1 1 1 1 

Fio. 21 1. The capacitance of a 4-mile line equals the capacitance of four 
condensers (each being the capacitance of one mile) joined in parallel. 


sens, each representing the capacity of a mile length of wire, are 
in parallel. The capacitance of a four-mile line is therefore equal 
to four times the capacitance of a one-mile length of the line. 

Similarly the capacitance of 40 miles — 40 X 0.00N02 = 0.321 rnf. 
This 0.321 mf. is then the capacitance of the line consisting of two 
wires. 

79. General Formula for Capacitance of Overhead 
Lines. Since we have many three-wire lines, and in order to 
make one table of values apply to both two- and three-wire 
lines, we. do not commonly use this method of computing the 
capacitance, nor this way of stating the capacitance of the line. 






A 
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Instead of computing the capacitance of the line, we com- 
pute the capacitance of one wire only of the line. We 
consider every line to be made up of at least three wires, 
one of which may be an imaginary neutral wire. Consider the 
two-wire line of Fig. 215. The lines A and B represent 



c.irwr 

nTTTTrn 

c D inmif 

B 1 

pL 


Fm. 215. The capacitance of a two-wire line may be assumed to be 
composed of the capacitance of a series arrangement, of two con- 
densers of capacitance Ca and Cn. Ca represents the capacitance 
of wire A to the neutral (\ and Cn the capacitance of the wire ll 
to neutral. 

the. two real wires; the line (-, midway between A and B, 
represents an imaginary wire which is the neutral. The 
capacitance of wire A , considered with relation to the im- 
aginary neutral wire C, would be represented by the con- 
denser Ca- The capacitance of wire B considered with 
relation to the imaginary neutral C would be represented 
by the condenser Cn. The capacitance of the combination 
of wires A and B would be the' capacitance* of the se'rios 
combination of the two condensers C A and C B . Now the 
capacitance of a series combination of two condensers having 
equal capacitance is one-half the capacitance of each eon- 
dcnscr. Therefore the capacitance of the two-wire line of Fig. 
215, which is the capacitance of the series combination of C A 
and C B , must be one-half the capacitance of either C A or C B . 

The capacitance represented by C A is calk'd the capaci- 
tance of wire A with respect to the neutral, and the capaci- 
tance represented by C B is called the capacitance of wire B 
with respect to the neutral. 

Thus the capacitance of a two-wire line is one-half the 
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capacitance of one wire with respect to the neutral; or con- 
versely, the capacitance of one (either) wire with respect to 
the neutral must be twice the capacitance of a two-wire line. 
Accordingly, since the formula for the capacitance per mile 


of a two-wire line is 


0.0194 



then the formula for the capacitance per mile of one wire 
with respect to the neutral is 


Co 


2x2^, 

logtoj 


or 


Co 


0.0388 
login ^ 


when 

Co = capacitance in microfarads, with respect to neu- 
tral, per mile of conductor, 
s = distance between conductor centers, in inches, 
r = radius of each conductor, in inches. 

This is the formula in general use for computing the capaci- 
tance of all types of overhead transmission regardless of 
the number of wires used. 


Example 6. How great a charge will 2000 volts, direct current, 
force upon a 120-mile circuit consisting of two No. 000 stranded 
conductors strung 18 inches apart? 

Capacitance to neutral per mile of each conductor is found as 
follows : 

Outside diameter No. 000 bare copper cable is 0.470 inch. 

~ 0.0388 


0.0388 

^(oSs) 

■ 0.0206 mf. 
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Capacitance of 120 miles of wire would be 120 times as great be- 
cause it would be equivalent to 120 condense^ of this capacitance 
joined in parallel; 

Capacitance of 120 miles =* 120 X 0.0206 
= 2.472 mf . 

- 0.000002472 farad. 

Since this is the capacitance of one "wire to neutral we must 
use the voltage from one wire to neutral in computing the charge. 

Voltage between wires = 2000 volts. 

Voltage from one wire to neutral = iu y ) - Q - — 1000 volts. 

Volts (to neutral) X capacitance (to neutral) = charge. 

1000 X 0.000002472 = 0.00247 amp-sec. 

This method produces the same result as though we considered 
the capacitance of the two real line wires as being \ of 2.472 = 
1.236 mf. To find the charge on the line we would multiply this 
capacitance between the two wires by the voltage between the 
wires. 

2000 X 0.000001236 = 0.00247 amp-sec., as before. 

Prob. 10-6. What is the capacitance of one wire to neutral, for 
the transmission line from Big Bend to Oakland described on page 
362? The distance between wires is 10 feet and the conductors 
are not transposed. See page 342. 

Prob. 11-6. The transmission line from Great Falls to Green- 
ville, S. C., is 96 miles long and consists of two sets of three No. 00 
stranded copper cables. Each set is strung in horizontal plane 
8 feet apart and is transposed. Considering each set separately, 
what is the capacitance from each line conductor to neutral? 

Prob. 12-6. What direct-current pressure would be required 
between any two adjacent “ wires in the same set of the line in 
Prob. 11 to put a charge on them of 0.002 amp-sec.? 

Prob. 18-6. In Table IV, Appendix B, is given a table of values 
of the capacitance to neutral for standard solid conductors and 
standard spacings. Check values for one mile of 

(а) No. 2 wire with 24-inch spacing. 

(б) No. 00 wire with 8-foot spacing. 

Prob. 14-6. In Table VI, Appendix B, is a table of capacitance 
to neutral for standard strands. Check value of one of 

(а) 500,000 cir. mils spaced 30 inches. 

(б) 750,000 cir. mils spaced 15 feet. 
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Prob. 15-6. According to Table VI, Appendix B, what should 
be the capacitance of one conductor to neutral of the transmission 
line from Big Bend to Oakland? Compare with result calculated 
by formula, in Prob. 10. 

80. Effect of Impressing an Alternating E.M.F. upon a 
Condenser. Charging Current. We have seen that when 
an alternating e.m.f. of 90,000 volts was impressed across 
the terminals of the Big Bend-Oakland line, a current of 
48 amperes flowed into the line, even when the line was open 
or unloaded. We Jiave seen that this current is due to the 
line acting like a condenser; — the alternating e.m.f. alter- 
nately filling the line with electricity and emptying it. Let 
us further investigate this charging current, as it is called. 

Capacitance in a circuit acts like air chambers in a pipe 
line, tending to keep the pressure constant. Thus con- 
densers in an alternating current circuit may be thought of 
as reservoirs in which electricity is being stored as the 
pressure rises and charges them. These condensers or reser- 
voirs then use the reacting pressure of the stored charge to 
maintain the current when the impressed e.m.f. dies out. A 



Fig. 216. Note that the wave of charging current is always 00° ahead 
of the wave of impressed e.m.f. in a circuit containing capacitance 
only. 

current will thus be flowing into the line as long as the volt- 
age continues to rise. 'When the* voltage stops rising, the 
current stops flowing. The current will be the greatest 
when the rise in voltage is most rapid. Now an alternating 


380 ALTERNATING-CURRENT ELECTRICITY 


c.m.f. is rising most rapidly just as it is passing up through 
the zero value. The charging current into the line will 
therefore be flowing at its maximum rate at the instant when 
the voltage is rising and going through its zero value. Thus 
the current leads the e.m.f. by 90° while the voltage is grow- 
ing. Note that in Fig. 216 as the curve of e.m.f. passes up 
through its zero value, the curve of current is at its maxi- 
mum value. Just as a reservoir would start to discharge 
water as soon as the pressure fell below the level of the 
water in it, so a current begins to flow out of a condenser as 
soon as the alternating e.m.f. begins to fall, because the im- 
pressed e.m.f. then becomes lower than the opposing internal 
pressure across the condenser. The faster the pressure falls, 
the greater is the current flowing out of the condenser. 

Since the pressure falls fast- 
est as it passes down through 
its zero value, the current 
must be flowing out fastest 
at this instant. Thus the 
current reaches its greatest 
negative value just as the 
e.m.f. is at zero and is about 
to start its negative values. 
Fig. 217. Vector diagram of charg- The current is therefore still 
ing current and impressed e.m.f. 99 ° ahead of the impressed 
in a circuit containing capacitance yoltagc Note in Fig 2 1 G , 

how the current curve reaches 
its maximum value — 7 m just as the voltage has dropped to 
zero. The voltage is thus at its 180° value when the current 
has reached its 270° value. Similarly it can be shown that 
at every instant: 

In a circuit con taining capacitance only, an alternating cur- 
rent leads the impressed alternating e.m.f. by 90°. 

It can be shown that this capacity current has a sine 
wave-form if the impressed e.m.f. has a sine wave-form. 
We may thus represent relations of both the current and 
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.the e.m.f. of such a circuit by vector diagrams. Fig. 217 
shows the capacity current vector I m leading the voltage 
vector E m by 90°. The instantaneous value of the capaci- 
tance current can be found from the diagram by writing the 
equation 

i = Im sin (<t> + 90°) 

in which 

i = instantaneous value of capacitance cur- 
rent, in amperes. 

I m = maximum value of capacitance current, 
in amperes. 

4> = electrical degrees through which e.m.f. has 
passed. 

81. Charging Current. Capacity Reactance. Since a long 
transmission line acts as a condenser, an alternating capaci- 
tance current, or charging current, flows in it when an alter- 
nating e.m.f. is applied to it. The value of this charging 
current can be computed as follows: 

The opposition which the alternating e.m.f. has to over- 
come in setting up a current in a circuit containing capaci- 
tance only is called the Capacity Reactance of the circuit, and 
is measured in Ohms just as the Resistance and Inductive 
Reactance are measured in Ohms. And just as the current in 
a circuit containing resistance only can be found by dividing 
the e.m.f. by the resistance, and the current in a circuit 
containing inductance only can be found by dividing the 
e.m.f. by the inductive reactance, so the current in a circuit 
containing capacitance only can be found by dividing the 
e.m.f. by the capacity reactance.' 

The equation for this relation is 



in which 

7 = effective charging current, in amperes. 

E 0 ~ effective e.m.f., in volts, required to overcome 
the capacity reactance. 

X 0 = capacity reactance, in ohms. 
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Of course this may be written in the forms 

Ee = XJ 


and 



Example 7. An unloaded transmission line is a practical case 
of a circuit containing capacitance only, since the resistance is 
negligible when compared with the capacity reactance. The capac- 
ity reactance of one wire to neutral of a single-phase 50, 000- volt 
line is 3500 ohms. How large charging current flows in this line? 

Capacity reactance for one wire to neutral ** 3,500 ohms. 

Voltage to neutral =* 25,000 volts. 


/ 


Ec 

X e 


25,000 

3,500 


7.14 amperes. 


Thus 7.14 amperes would flow at the sending end of the line, 
even though the far end were open. This current of 7.14 am- 
peres would lead the e.m.f. by 90°. Fig. 218 shows the vector 
diagram for this current and voltage relation. 



Fig. 218. The vector I representing a charging current of 7.14 amp. 
leads by 90° the vector E representing the impressed voltage 25,000 
volts. 

Prob. 16-6. Draw the vector diagram for above example with 
voltage 15° after it has passed up through its zero value. Find 
instantaneous values of current and voltage. 

Prob. 17-6. Effective alternating voltage of 220 volts (frequency 
60) is impressed upon a circuit containing a condenser only. If 
the current is 2 amperes, what is the capacity reactance of the 
condenser? 
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Prob. 18-6. When the instantaneous voltage of Prob. 17 is 
120 volts, positive and increasing, what instantaneous value will the 
current have? 

Prob. 19-6. What voltage is necessary to force a maximum 
current of 20 amperes through a circuit containing 50 ohms of 
capacity reactance? 

Prob. 20-6. (a) Draw vector diagram and determine instan- 

taneous value of voltage when instantaneous current in Prob. 19 
is 5 amperes, positive and decreasing. ( h ) How many electrical 
degrees will the voltage have passed through by that time? 

82. Capacity Reactance of Long Transmission Lines. 

In working with the capacitance of long transmission lines, 
it is convenient in our computations to assume that the? 
capacitance of the line is all contained in two condensers of 
equal capacitance, one at each end of the line, instead of be- 
ing distributed among an infinite number of small condensers 
strung all along the conductor. Similarly, we find it con- 
venient for the sake of simplifying our computation to con- 
sider the capacity reactance to neutral of the line to consist 
of two equal capacity reactance's placed one at each end of the 
line. Thus, in Fig. 219, the capacity reactance X c of one wire 


1 



Km. 219. The charging current as indicated by the ammeter A would 
equal the sum of the currents through the equal (rapacity reactances 
P and Q. 


to neutral may be represented by the two equal reactances P 
and Q. The reactance of each can be represented by (2 X c ), 
since they are equal and are in parallel with each other. 
Assume X c equals 3500 ohms, as in Example 7, and that the 
voltage to neutral at the sending end equals 25,000 volts and 
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at the open receiving end 30,000 volts to neutral, 
ing current may then be found as follows: 

y / p voltage across P 
/(ofP) = "reactance of P 


/ (of Q) 


25.000 

Tooo - 357 amp - 

voltage ac ross Q 
reactance of Q 

30.000 . OQ 

7<xxr = 4 - 28amp * 


The charg- 


Since these two currents are in parallel and practically in 
phase with each other, being 90° ahead of the voltage, we have 
merely to add them arithmetically to get the charging current 
as read by the ammeter A : 3.57 + 4.28 — 7.85 amp. total 

charging current. The value 7.14 amperes is obtained in Ex- 
ample 7, where we consider the capacitance to be concentrated 
in one condenser at the middle of the line. The above two- 
end-condenser method is the simpler and rather more precise 
and should ordinarily be used in practical computations. 

Note by examining Fig. 220, which represents a direct-current 
circuit, that this two-condenser method is exactly similar to the 



Fic. 220. The line current, indicated by the ammeter /I would equal 
the sum of the currents through the equal resistances P and Q. 


method we use in considering direct currents, to find the line cur- 
rent when the line is loaded with two equal resistances at P and Q* 


I (through P ) = 


voltage across P 
resistance of P 


120 

10 


= 12 amp. 
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7 (through Q) — 


voltage across Q 
resistance of Q 


no 1t 

= - = 11 amp. 

The current through the ammeter A, then, equals the sum of 
these two currents since they are flowing in parallel. 

11 + 12 — 23 amp. 

Notice that we may set this computation down as follows: 

Current through ammeter A = ^ 

120 + 110 

“ io 

= 23 amp. 

Similarly we may set down the computation of the charging cur- 
rent in Kig. 219: 

,,, . . 25, (XK) , 30,000 

Charging current = ToS) - + ^ 

= 25, 000 + 30,000 
7000 ~ 

— 7.85 amp. 


Thus, if we distribute our capacitances in this manner, we 
have merely to divide the sum of the voltages across the two 
assumed condensers by the capacity reactance of one of the 
condensers or by twice the capacity reactance of one line 
wire to neutral, and we thereby obtain the value of total 
charging current for one line wire. 

It must be noticed, however, that the capacity reactance 
of one wire to neutral is not the sum of the reactances of 
the two condensers, P and Q, but rather it is just one-half 
the capacity reactance of either. This is clear from the 
direct current analogy of Fig. 220. The resistance of the 
load P and Q is not the sum of the resistances of the two, but 
rather half the resistance of either. Just as the resistance 
of the combination of P and Q = J of 10 or 5 ohms, so the 
capacity reactance of the parallel combination of P and Q, 
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Fig. 219, equals J of 7000 = 3500 ohms. Or, conversely, 
the capacity reactance of each assumed condenser equals 
twice the capacity reactance of the line to neutral. The 
rule, then, for finding the charging current of any trans- 
mission line is: 

Divide the SUM of the voltages to neutral at each end by 
TWICE the capacity reactance of one line wire to neutral. 

Similarly if we know the charging current and the volt- 
age to neutral at each end, we divide the sum of these 
two voltages by the charging current. This gives us the 
capacity reactance of one of the assumed condensers. We 
have now merely to remember that the line consists of two 
such condensers in parallel and its capacity reactance is 
therefore one-half the capacity reactance of one assumed 
condenser. 

Of course, the actual conditions in a circuit are that the 
line constitutes ail infinite number of minute condensers. 
Thus the charging current entering a line from the generator 
terminals gradually decreases until at the far end it becomes 
zero. All methods, therefore, which assume the capaci- 
tance to be concentrated at one or more points arc merely 
more or less close approximations. The two-end-condenser 
method usually results in an error of less than 1 per cent 
and is precise enough for ordinary practical computations, 
— especially as the assumption that the charging current was 
a sine wave-form may produce a much greater error, often 
as great as 40 per cent. See § 84. 

Prob. 21-6. Compute from data on page 362 the capacity re- 
actance of one wire to neutral of the big Bend to Oakland line. 
In computing voltage from each line wire to neutral, remember that 
this is a three-phase line, with .89, (KK) volts between line wires at 
one end, and 111,000 volts at the other end. 

Prob. 22-6. From “ Charging Current ” table in Appendix B, 
compute the capacity reactance to neutral of 140 miles of No. 000 
solid conductor spaced 3 feet from the other similar line wire, if 
the system is single-phase 60-eycle. 
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Prob. 28-6. What is the capacity reactance of one wire to 
neutral for a three-phase line, strung with 350,000 cir. mils stranded 
cables, spaced 15 feet apart? Length of line, 80 miles; frequency, 
60 cycles. See Appendix B. 

Prob. 24-6. What charging current will flow in each wire of 
Prob. 23, if the open circuit voltage at the sending end is 95,000 and 
at the receiving end is 114,000? Frequency, 60 cycles. 

Prob. 26-6. What would be the charging current of Prob. 24 if 
the frequency were 25 cycles? 

Prob. 26-6. A 350-mile, three-phase, 60,000-volt transmission 
system, operating at 60 cycles, uses 2800 reactive kv-a. in charging 
the line. 

(a) What is the charging current? 

(b) What is the capacity reactance of the line, one wire to neutral? 

(c) What is the charging current per mile per 1,000,000 volts 
to neutral? 

83. Computation of Capacity Reactance. When the 
capacitance of a line-conductor or of a condenser, and the 
frequency of the impressed voltage are known, the capacity 
reactance for that frequency may be computed by the fol- 
lowing method: 

In a circuit containing capacitance, the alternating cur- 



Fig. 221. One cycle of the current sine curve in a circuit containing 
capacitance only. Note that the current makes the change between 
zero and the maximum value four times each cycle. 

rent charges or discharges the condenser four times each 
cycle, as seen from Fig. 221 which represents the current 
curve in such a circuit for one cycle: 
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(1) Condenser is being charged by increasing positive 
current being forced into it from the line. 

(2) Condenser is discharging by delivering a decreasing 
positive current to the line. 

(3) Condenser is being recharged by increasing negative 
current being forced into it from the line. 

(4) Condenser is discharging by delivering a decreasing 
negative current to the line. 

If the current makes f cycles per second, and the current 
charges or discharges 4 times each cycle, it must charge 
or discharge 4 f times each second. The time consumed, 

then, for each charge or discharge must be — second. 

The quantity of electricity Q sent into or out of the con- 
ductor or condenser each time must be equal to the average 
rate of flow (Av. I) multiplied by the time t during which 
it is flowing. 

Thus 

Q (ampere-seconds) = Av. I (amperes) X t (seconds) = Av. IXt 
but 

Therefore 


But we have learned that the quantity of electricity sent 
into or out of a condenser at each charge or discharge also 
equals the product of the voltage E times the capacitance 
C (in farads). 

Q — EC. 

Then the maximum value of Q is given by the equation 
Qm - E m C. 
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Therefore, since Q m is equal to both E m C and 

Av. I 


Av. I 

4 / ' 


or 


E m C 


E n 


4 / ’ 
Av. I 
4fC * 


But Av. I = 0.636 7 m , because it is assumed that I has a 
sine wave-form when E is harmonic. Therefore, substitut- 
ing 0.636 J m in the place of Av. /, we have 

0.636 I m 
Em ” 4/C 

/»> 

6.28/C 

Im 

2 7r/C * 

This is usually written in the form 

I X 7m» 


E m = 


2tt/C‘ 


or, since there is the same fixed ratio between effective and 
maximum values of volts and amperes when they both vary 
harmonically, 

B -sbe I - 

where 

E — impressed alternating e.m.f., in effective volts. 

I = charging current, in effective amperes. 

But the impressed e.m.f. must be equal to the capacity 
reactance times the charging current, as we found in § 81. 
Thus 

XJ 1 


E 


Therefore 


1 

2 x/C 


2 tt/C 




The capacity reactance is generally represented by the 
expression ~ fc) 8,8 i n ductive reactance is gener- 

ally represented by the expression ( 2irfL ). 
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Since we are usually more interested in the value of the 
charging current, we more often use the equation in the 
form 



2 7 rfC 


that is, I = 2irfCE. 

Example 8. What is the charging current of a line having a 
capacitance to neutral of 3 mf., if the terminal voltage to neutral 
is 44,000 volts? Frequency, 60 cycles. 

/ = 2irfCE 

- 2 X 3.1416 X 60 X 0.000003 X 44,000 
= 49.7 amp. 

Prob. 27-6. What is the capacity reactance of one wire to 
neutral of the line in the above example? 

Prob. 28-6. What will the capacity reactance of the line of 
Prob. 27 become if the frequency is reduced to 25 cycles? 

Prob. 29-6. What would be the charging current of line in 
Prob. 28 at the voltage of Example 8? 

Prob. 80-6. From the table in Appendix B, find the capacitance 
to neutral of a 200-mile line composed of No. 00 stranded copper 
cable hung 4 feet apart. Compute the capacity reactance of this 
line from one wire to neutral on the basis of a 60-cycle e.m.f. 

Prob. 31-6. What would be the charging current of line in 
Prob. 30, at a voltage to neutral of 52,000 volts? 

Prob. 32-6. Electric power is transmitted from Keokuk, Iowa, 
to St. Louis, Mo., 143.6 miles, at 110,000 volts, three-phase, 25 
cycles. The line consists of stranded cable, 300,000 cir. mils area, 
strung in vertical plane and spaced 10 feet apart without transpo- 
sition, as shown in Fig. 221a. Compute: 

(o) Capacitance of line, one wire to neutral. 

(6) Capacity reactance of line, one wire to neutral. 

(c) Charging current to each line wire. 

84. Effect of Irregular Forms of E.M.F. Wave upon 
the Charging Current. Owing to the difficulties in prop- 
erly proportioning the pole tips of a generator and in 
distributing the armature windings, the wave-form of the 
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e.m.f. produced is rarely a true sine curve. It usually con- 
tains more or less well-defined ripples as explained and 
illustrated in Chapter VIII of the First Course. The great- 
est cause of these ripples is the fact that the wave-form 



Fit;. 221a. A section of the 110,00(>-volt line from Keokuk, Iowa, to 
St. Louis, Mo. General Electric Review. 


produced docs not consist of a simple wave but is usu- 
ally made up of several waves. There is not only the e.m.f. 
wave of a given frequency and given effective value which 
the machine was designed to produce, but there are also 
other waves of greater frequencies and usually of much 
smaller effective values. Each of these waves approximates 
a true sine wave in form and the resultant wave-form of 
e.m.f. is merely a combination of them all. 
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The wave-form which the machine was designed to pro- 
duce is called the fundamental or primary harmonic; the 
others arc called the minor harmonics. The minor harmonics 
produced in the line by the modern generator usually consist 



Fkj. 222. A wave-form produced by a fundamental sine wave and a 
third harmonic in phase with the fundamental. 

of very small waves which have a frequency of three, five, 
or seven times the frequency of the fundamental wave. 
Even higher frequency waves are sometimes produced, and 



Ficj. 223. A wave-form produced by a fundamental and a third har- 


monic which have a different phase relation than that of Fig. 222. 

like the lower frequencies, llicir relation to the fundamental 
frequency is always an odd number. 

Fig. 222 shows the fundamental anti a third harmonic 
of much smaller effective value. Each has its own sine 
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wave-form. Note? how they combine to produce a wave 
which has well-defined ripples. The third harmonic is made 
much larger in proportion to the fundamental than would 
exist in a properly designed machine. But a third harmonic 



Fig. 224. The wave-form produced by the combinatidn of a fifth har- 
monic with the fundamental. 

of a smaller effective value would distort the fundamental 
in the same way, only to a less degree. Fig. 223 shows the 
same fundamental and third harmonic at a different phase 



Fig. 225. The wave-form produced by the combination of both a 
third and a fifth harmonic with the fundamental. 


with each other, and the resulting wave-form which they 
produce. In Fig. 224, a fifth harmonic combines with the 
fundamental to produce the resultant shown, and in Fig. 


394 


ALTERNA TING-CURRENT ELECTRICITY 


*225, both a third and a fifth of the same effective values 
combine with the fundamental to produce still another wave- 
form. Fig. 308a, First . Course, contains an oscillogram of 
an e.m.f. wave, marked E, which is the resultant of a funda- 
mental and a fifth harmonic. It also shows the oscillogram 
of the charging current which an e.m.f. with such a wave- 
form produces in transmission lines of large capacitance. 
Note how the small ripples in the e.m.f. curve are magnified 
in the current curve so that a very irregular wave-form is 
produced! The reason for this increase in irregularity in 
the current curve in a circuit possessing large capacitance 
can be seen from the following example. 

Example 8a. The e.m.f. E, Fig. 225 y is the resultant of a fun- 
damental sine wave of 100 volts (effective), a third harmonic of 
10 volts (effective), and a fifth harmonic of 10 volts (effective). 

What are the component parts of the resultant curve of current 
when this e.m.f. is impressed upon a circuit containing: 

(a) Resistance only, of 5 ohms? 

(b) Inductive reactance only, 5 ohms (at 60 cycles)? 

(c) Capacity reactance only, 5 ohms (at 60 cycles)? 

(a) Circuit containing resistance only. 

Since the resistance of the circuit would not change to any ap- 
preciable extent with the frequency of the impressed voltage, the 
line would offer practically the same resistance to the currents set 
up by each component of the e.m.f. 

Fundamental current 

Third-harmonic current 

Fifth-harmonic current 

Thus the minor current holds the same relation to the funda- 
mental current that the minor e.m.f. ’s hold to the fundamental 
e.m.f. The ripples in the current curve would, therefore, be no 
more nor less pronounced than those in the e.m.f. curve. 

(b) Circuit containing inductive reactance only. 

The inductive reactance to the fundamental current is 5 ohms. 


E 

_ 100 

= 20 amperes. 

R 

5 

Ei 

10 

= 2.0 amperes. 

R = 

f 5 

E t 

10 

=* 2.0 amperes. 

R 

s 

5 
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Since the inductive reactance of a circuit is proportional to the* 
frequency (being equal to 2 tt/L), the inductive reactance to the 
third-harmonic current will be 3 X 5, or 15 ohms, because the fre- 
quency is three times as great; and the inductive reactance to 
the fifth-harmonic current will be 5 X 5, or 25 ohms. 


Fundamental current 
Third-harmonic current 
Fifth-harmonic current 


100 

5 

10 

15 

10 

25 


20 amperes. 
0,67 ampere. 
0.40 ampere. 


The minor components of the current are much smaller parts of 
the fundamental current than the minor components of the e.m.f. 
are of the fundamental e.m.f. Thus in an inductive circuit, the 
current curve is smoother than the irregular e.m.f. curve which 
produces it. 


(c) Circuit containing capacity reactance only. 

Since the capacity reactance of a circuit is inversely proportional 


to the frequency of the impressed e.m.f. ^being equal to , the 

capacity reactance offered to the third-harmonic current equals £ 
or 1.67 ohms; and the reactance to the fifth-harmonic current 
equals £ or 1 ohm. 


Fundamental current 
Third-harmonic current 
Fifth-harmonic current 


100 

5 

10 

1.67 

10 

1 


20 amperes. 
6 amperes. 
10 amperes. 


The minor-harmonic currents have thus become much greater 
in proportion to the fundamental current than the minor har- 
monic e.m.f. ’s are to the fundamental e.m.f. The irregularities of 
the current wave in a circuit containing capacity reactatice only 
would thus be much greater than the irregularities in the e.m.f. 
curve producing the current. The following problems bring out 
the effect of resistance, inductive and capacity reactance on the 
effective value of the current produced by an e.m.f. of, irregular 
wave-form. 
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Prob. 33-6. An with an irregular shaped wave-form, 

produced by a fundamental and a fifth harmonic, is impressed 
upon a circuit containing resistance only, of 4 ohms. The maxi- 
mum value of the fundamental harmonic of e.m.f. is 100 volts; 
the maximum value of the fifth harmonic is 20 volts. 

(a) Plot to large scale one cycle of the component and resultant 
e.m.f. *s with the fifth harmonic holding the same phase relation 
to the fundamental as in Fig. 224. 

( b ) Plot the component and resultant curves of current. 

(c) Plot the Squared values of one-half loop of the resultant 
current curve and find the effective current (root-mean-square 
value). If convenient, use a planimeter for finding area under the 
squared curve. 

Prob. 34-6. Assume that the e.m.f. of Prob. 33 is impressed 
upon a circuit containing inductive reactance only, of 4 ohms at 
the frequency of the fundamental. Complete (6) and (c) of 
Prob. 33, and compare this value for effective current with that of 
Prob. 33. 

Prob. 36-6. Assume that the e.m.f. of Prob. 33 is impressed 
on a circuit containing capacity reactance only, of 4 ohms at the 
frequency of the fundamental. Complete (b) and (c) of Prob. 
33, and compare this value of effective current with that of 
Prob. 33. 

86. Why the Voltage is Sometimes Higher at the Re- 
ceiving End than at the Sending End. In considering this 
question, let us take as an example the transmission line of 
the Great Falls Power Company, which transmits 15,000 
kw. to a distance of 130 miles from Great Falls to Butte, 
Montana, at a pressure of 100,000 volts. 

Two three-phase lines are run on separate towers. The 
conductors of, each line are No. 0 stranded hard copper 
cable with hemp centers, outside diameter 0.398 inch, and 
are strung in a horizontal plane and spaced 10 feet 4 inches, 
with no transpositions. The charging current at a generator 
voltage of 100,000 volts and 60 cycles was measured when 
the receiving end was open and was found to be 39 amperes 
per wire. This checks closely the computed value, as will 
be seen in Prob. 36-6. 
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By reference to Table III in Appendix B and using “equiv- 
alent” spacing of 13.0 feet, we find that the inductive react- 
ance per mile of each wire of this line must be 0.8613 ohm, 
approximately. 

The inductive reactance of one whole linewire equals 

X L - 130 X 0.8613 
— 112 ohms. 

The resistance of each wire must be 

R = 130 X 0.530 
= 68.9 ohms. 

Let us examine the conditions in the line when it is open 
at the receiving end at Butte, and with enough voltage at 
the Great Falls end to supply the charging current of 39 
amperes. We will assume that the voltage at Butte is 
100,000 volts between conductors. We must then com- 
pute what voltage is required at the sending end to produce 
a charging current of 39 amperes in a line of 69 ohms re- 
sistance and 112 ohms inductive reactance, while maintain- 
ing 100,000 volts at the receiving end. 

We will consider but one wire, and this with respect to 
neutral. The diagram for this arrangement is as in Fig. 
226, which represents one-half of the total capacity of the 

vwww 

R— 69 ohms Xj- ll$ohms 


Neutral 

Fig. 226. Diagrammatic representation of the resistance and the in- 
ductive and capacity reactance of a single conductor of the Great 
Falls-Butte line. 

line as a condenser at the receiving end, and the resistance 
and inductive reactance of the conductors lumped and joined 
in scries along the wire instead of distributed uniformly as 
they are in the actual line. 



Groat B 
Falls 


m 
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The voltage between conductors at the receiving end at 
Butte is to be 100,000 volts, therefore the voltage to ground 
at Butte is equal to 

Eg = = 57,800 volts. 

v o 


Draw vector OE B , Fig. 227, to represent this voltage at 
the open receiving end. 

The line OI GJ drawn at right angles to OE Bi will then rep- 



Fig. 227. The vector diagram of the voltage relations in an unloaded 
long transmission line. The voltage E aF at the sending end is less 
than the voltage Eb at the receiving end. w 


resent the average charging current of 19.5 amperes which 
traverses the full length of the line and which leads the volt- 
age producing it by 90°. But the generator has to maintain 
not only the voltage OE B , but also the voltage to overcome 
the resistance and the inductive reactance of the line. 

„ The voltage to overcome the resistance is equal to 
E r * 68.9 X 19.5 
= 1344 volts. 

, 

Since this voltage must be in phase with the current, we 
draw the vector Er from the end of Er and at right angles to 
Er (parallel to the current vector I c )- 
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The voltage to overcome the inductive reactance must equal 
-E m - 112X19.5 
= 2184 volts. 

Since this voltage must lead the current 90°, and there- 
fore must lead Er by 90°, we draw E s 90° ahead of E R , 

The vector Ear, joining O to the end of E x , will then rep- 
resent the voltage at the sending end, because it is the 
resultant of the series combination of E B (the voltage at 
the receiving end), Er (the voltage to overcome resistance of 
line) and E x (the voltage to overcome the inductive reactance 
of the line). 

The numerical value of the voltage at the generator end 

eqUalS E af = V(57^00 - 2184)* +1344* 

= 55,634 volts. 

The voltage between conductors at the generator end 
must equal 1732 x 55,634 = 96,458 volts. 

This value is distinctly lower than the 100,000 volts which 
is the pressure between conductors at the receiving end. 

Note that this decrease in voltage is due to the presence 
of both capacity and inductance in the circuit. One tends 
to neutralize the other; thus the voltage (E x ) used to over- 
come the inductive reactance is in the opposite direction to 
the voltage (E B ) used to overcome the capacity reactance of 
the line. The resistance voltage Er does not affect, to any 
appreciable extent, the value of the voltage E QF at the 
generator end of the line. 

Prob. 36-6. Compute from data of size, spacing, etc., in text 
above, the capacitance of one wire to neutral of the Great Falls- 
Butte line. From this value of capacitance and the voltages in 
the above text compute the charging current per wire and check 
against value taken from tables in Appendix B. 

Prob. 37-6. Compute the open-line voltage at the generator 
end -of the line from Great Falls to Greenville, S. C., if the voltage 
at Greenville is 100,000 volts. Frequency = 25 cycles. For re- 
maining data see Prob. 11-6. Consider that the two sets of con- 
ductors are so far apart that they do not affect each other. 
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Prob. 38-6. What is the voltage between line conductors at 
the generating end of the line, in Prob. 30, when the voltage to 
neutral at the receiving end is 52,000 volts? 

Prob. 38-6. How many kilovolt-amperes are used in charging 
the three wires of the Great Falls-Butte line, if the voltage at the 
open receiving end is 100,000 between conductors? 

86. Regulation of Transmission Line Containing Ca- 
pacitance. The presence of capacitance in a line is often 
advantageous* to the system, especially when the load has a 
lagging power-factor. To show this, we merely have to note 
the effect of capacitance upon the regulation of a given line 
for a given load and power-factor. 

The full load of the Great Falls-Butte transmission is 
15,000 kw. at 85 per cent power-factor distributed equally 
between the two lines, or 7500 kw. on each. 

To find the current per conductor: 

P = Vs IE cos 9 


Vs E cos 9 

7,500,000 

1.73 X 100,000 X 0.85 
= 51 amp. per conductor. 

At a power-factor of 0.85 the current lags practically 32° 
behind the voltage. Draw the vector 2£ioad, Fig. 228, to 
represent the voltage across the receiving end, 32° ahead 
of the vector /load, which represents the current of 51 am- 
peres taken by the load. The charging current of 19.5 
amperes is then represented by the vector 7c, which is 90° 
ahead of the voltage vector 7?ioad, and consequently 90° + 32° 
or 122° ahead of the /load. The current which the line car- 
ries must be the combination of the load current and the 
capacity current. This is represented by the vector /line 
which is the resultant of the vectors /load and /c. 

The value of I \\ no is found by means of the equation for 
the diagonal of a parallelogram as given in Appendix A, 
First Course. 
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/lino = V7i 0ad 2 -h / c 2 + 2 / cl load COS 122° 

/lino = 19.5 2 + 2 x 19.5 X 51 X "cos 122° 

= 43.9 amp. 

Thus ji line current of only 43.9 amperes is able to supply 
a current of 51 amperes to the load, because of the effect 



Fit;. 1228 . Current and voltage' relations at the load end of a long 
transmission line carrying an inductive load. The line current 
I line i« less than the load current I iomi because of the capacity 
current I c . 


which the leading charging current has when it combines 
with ji lagging lotid current to produce the total line current. 

The jingle <f> by which this line current /u no leads the 
load current /loud can be found as follows: 

Drop a perpendicular from end of vector / c . 

IcP = 10.5 sin 58° 

= 16.5. 


A perpendicular dropped from the end of vector /u no will 
have the same length, 16.5. 


Thus 


sin <f> = 


16.5 

43.9 


= 0.376 

0.376 = sin 22°. 

<f> — 22° approx. 
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The angle 6 which is the phase difference between the volt- 
age of the load #io»d and the line current /line can then be 
found: 

6 — 32° — 22° 

= 10 °. 

To find the voltage regulation of the line with this load 
and power-factor, construct Fig. 229, repeating Fig. 228 as a 


i c 


Fkj. 229. Vector diagram for finding the voltage E at the sending 

end of a long transmission line which is carrying an inductive load. 

basis in order to get the proper phase relations. Draw 
vector 2£|„ a <i at an angle of 32° leading the vector 7i oa d, and 10° 
ahead of line current /ii, lo . 

The voltage necessary to send the line current of 43.9 
amperes against a resistance of 70 ohms per wire equals 
E r = 70 X 43.9 
= 3025 volts. 

This voltage is in phase with the line current and is repre- 
sented by the vector E R drawn lagging 10° behind the load 
voltage vector E\ ov a- 

The voltage necessary to send the line current of 43.9 
amperes against the reactance of 112 ohms per line wire equals 
#, = 112X43.9 
= 4917 volts. 
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This voltage must be 90° ahead of the current and thus 
the vector E x representing it is drawn 90° ahead of vector Er. 

The vector E, joining O and the end of the vector E Xi must 
represent the voltage which is necessary to overcome these 
three components, and thus represents the voltage at the 
Great Falls end of the line. 

To find the value of E, the voltage at the sending end, ex- 
tend the line Eu*d until it meets E x at A . The angle at A 
equals 90° + 10° = 100°. 

The amount cut from E x — 3025 tan 10.0° = 533. 

The line AE X = 4917 - 533 

= 4384. 

3025 

The extension of #ioad = 1Q QO 

= 3072. 

The line OA = 57,800 + 3072 

= 60,870. 

The triangle OAE x can be solved as follows: 

E = VOAM- AE X 2 -2 OA X AE X cos 100° 

= a/60,870 2 + 4384 2 - 2 X 60,870 X 4384 X cos 100° 

= 61,780 volts. 

The voltage to neutral at the generator end at full load 
then equals 61,780 volts. 

We have computed that 55,630 volts at the generator end 
at no-load produces a receiving-end voltage of 57,800 volts. 
A voltage of 61,780 at the generator end would therefore 

produce approximately X 57,800 or 64,200 volts at 

the receiving end when the line was open. . 

The voltage regulation at 85 per cent power-factor will 

therefore be ^57,800 _ u q pe r cen t. We thus have 

a line the receiving end of which has a voltage between 
conductors of 100,000 at full load, but of 111,000 volts at 
no-load. (Data, pages 2002—3—4 of Proc. A.I.E.E., 1911.) 
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In the above examples, the results are only approxima- 
tions, due to the fact that the impressed voltages do not 
have a pure sine wave-form. As explained in a previous 
article and in Chap. VIII, of “First Course,” ripples, or har- 
monics, occur (to a slight extent, to be sure) in the wave- 
form of all commercial generators. These ripples are greatly 
magnified by the line capacity and tend to make the charging 
current, and t£e voltage values depending upon it, somewhat 
larger than the usual computed values. The above method, 
however, gives values which differ so little from tested 
values, that it can be used with confidence in all commercial 
computations. 

Prob. 40-6. Compute the voltage regulation of the Great Falls- 
Butte line at unity power-factor. Load, 7500 kw. at *100,000 volts. 

Prob. 41-6. (a) Compute the voltage regulation of the Great 

Falls-Butte line at 90 per cent leading power-factor. Load, 7500 
kw. at 100,000 volts. 

(6) What effect does the capacity of the line have upon the 
regulation when the power-factor is (1) Lagging? (2) Unity? 
(3) Leading? 

Prob. 42-6. The three-phase transmission line from Shoshone 
to Denver, Colorado, is 153.5 miles long. The conductors are 
arranged in a horizontal plane, 124 inches apart with no transposi- 
tions, and consist of No. 0 six-strand hemp-center copper cables. 
When 100,000 volts at 60 cycles are impressed on the Shoshone 
end, what current will flow per wire if the Denver end is open? 

Prob. 46-6. What will be the voltage at the Denver end of 
the line in Prob. 42? 

Prob. 44-6. What voltage at the generator end is necessary 
to deliver 5000 kw. at 100,000 volts at 0.80 power-factor at the 
Denver end of line in Prob. 42? 

Prob. 46-6. What is the voltage regulation of the line under 
the conditions of Prob. 44? 

Prob. 46-6. What would be the voltage regulation of the line 
in Prob. 44 if the load of 5000 kw. had unity power-factor? 

87. Capacitance of Underground Cables. The capaci- 
tance of underground cables is very high in comparison with 
that of overhead cables because the cables are laid with 
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very little space between them. The insulation material, 
rubber or impregnated paper, also makes the capacitance 
from two to four times higher on account of a certain dielectric 
power which it possesses to a much greater degree than air. 
All of these conditions combine to produce a condenser of 
large capacitance. Even two- and three-tenths of a micro- 
farad per mile are not uncommon values. This, together with 
the fact that the breakdown strength of the insulation limits 
the voltage, renders it impracticable to transmit power by 
alternating current any great distance underground or by sub- 
marine cables. In most large cities cables are laid in under- 
ground ducts up to distances of 10 miles and at voltages 
between 11,000 and 23,000 volts. Of course this disadvan- 
tage does not exist in the transmission of direct-current power. 

Data for the following problems were furnished by the Standard 
Underground Cable Co. 

Prob. 47-6. In a certain three-conductor three-phase cable, each 
conductor is No. 00 B. & S. and is covered with paper insulation 

inch thick over each conductor, and over the three insulated con- 
ductors is placed a paper belt inch thick. Compute the capaci- 
tance of one conductor to neutral for one mile of this cable. The 
dielectric power of the paper causes the capacitance to be 3.7 times 
as high as it would be if the space between the cables were air. 

Prob. 48-6. What would be the charging current per conduc- 
tor of a line consisting of 10 miles of the cable of Problem 47-6, if 
the voltage was 23,000 between conductors? Frequency, 60 cycles. 

Prob. 49—6. Compute the reactance to neutral of one conductor 
of the cable in Prob. 48-6. See page 233, First Course. 

Prob. 60-6. The cable in Prob. 48-6 has, under certain (aver- 
age) conditions, a safe carrying capacity of 7500 kv-a. What is 
the voltage regulation of the line when carrying its maximum safe 
load at 90 per cent power-factor and 22,000 volts? 

88. Current Surges and Oscillations in Long Lines. A 
long line is subjected to current surges from two causes, 
— (a) lightning discharges in the vicinity of the line; ( b ) 
the necessary switching operations. The more serious of 
these are likely to be the lightning disturbances. A cloud, 
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generally charged positively as in Fig. 230, comes near 
a portion of the line, and attracts a large negative charge 
to this part of the conductor. When the cloud is dis- 
charged by a lightning-flash either to earth or to another 
cloud, this large negative charge on the wire is suddenly 



Fia. 230. The positive charge on the cloud draws a negative charge 
to that part of the conductor nearest the cloud. 


released and rushes along the wire, just as a flood of water 
rushes along a narrow valley when the retaining wall of a 
reservoir at its head suddenly gives way. 

If the wave-front of this surge or electric flood hits the 
windings of a transformer or generator, these windings act 
as a wall acts to the sudden rush of water. The inductance 
of the windings opposes any sudden passage of electric 
charge or growth of the current through them, and the 
electric charge “piles up” against the transformer. This 
induces such an excessive pressure between the windings 
that a charge may be forced through the insulation, and an 
arc started. While the normal voltage between the turns 
is never enough to start an arc, once the insulation has been 
broken down and an arc has been started by a momentary 
higher voltage, the line voltage is usually sufficient to main- 
tain the arc long enough to severely damage the machine. 

In addition to the damage done to the generator or trans- 
former, this arc also sets up very disturbing oscillations in 
the line, which may damage other machines connected to it. 

Similar surges and oscillations may be set up in switching 
the current on and off the line. The larger the current 
switched on or off, the greater the disturbance. 
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As a general rule, in switching on the current it is best to 
connect the step-down transformers to the receiving end 
before connecting the step-up transformers to the generator. 



Km. 231. Hour-glass «hokc* coils for 110,000-volt, linos. Thoso coils 
choke back the stoop-front and high-frequency waves duo to lightning 
discharge's in the vicinity of the lino. The General Electric Co. 

89. Lightning Protection. In order to keep the ma- 
chines from being damaged by line surges, choke coils arc 
connected between the lines and the various machines. Fig. 
231 is an illustration of a common form of a choke coil. 
This allows the regular current waves to pass with very 
little impedance but chokes back the surges and waves of 
high frequency because the impedance of the coil is practi- 
cally all due to its reactance, which is directly proportional 
to the frequency of the current waves. The surges dash up 
against these choke coils just as the waves clash against a 
breakwater, and, of course, the pressure to ground is raised 
to a high value at this point. In order that this high pres- 
sure may not send the surges rebounding back along the line, 
an arrangement for conducting the charge to ground is 
tapped on the line at this point. This consists of a horn gap, 
shown ill Fig. 232. One side of the horn is connected to 
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90. Corona Loss. When the voltage between two con- 
ductors has been raised somewhat above a certain value 
called the “critical disruptive voltage,” the conductors begin 
to glow and a sort of halo surrounds the wire. The name 
of corona has been given to this glowing of the conductor. 
There is a certain amount of power dissipated into the air 
as soon as the critical voltage is reached, even before any 
glow is apparent. The name of corona loss is applied to all 
the power lost in this way. 

The “disruptive critical voltage” may be found by means 
of the following formula: * 

E 0 = 105,000 r log 10 ~ > 

in which E 0 = critical voltage to neutral, effective value. 

r = radius of conductor, in inches. 
a = spacing between centers of conductors, 
in inches. 

Note that this critical voltage depends upon the radius 
of the conductors and upon the distance between them. 
Other things being equal, corona loss will begin at lower 
voltage when tin; diameter of the wires or the distance be- 
tween them is reduced. 

The above formula applies to the stranded conductors only 
and to them under ordinary fair-weather conditions on\y. 

For a round smooth wire the critical voltage is somewhat 
higher, while fog, sleet and snow lower it to a marked ex- 
tent. The current which this voltage forces into the sur- 
rounding air is in phase with the voltage. 

The corona loss under the above conditions can be found 
from the following approximate formula: 



* This and the following formula for eorona loss are adapted from 
formula; given by Mr. F. W. Peek, Jr., in Proe. A.I.KE., 1912. 
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in which P m = loss per mile per conductor, in watts. 

/ » frequency, in cycles per second. 

E = voltage of line to neutral. 

E 0 « “critical disruptive” voltage to neutral. 

Note that the corona loss is proportional: 

(a) Directly to frequency (for commercial ranges). 

(b) Directly to the square of the excess of voltage to neu- 
tral above critical value. 

(c) Directly to the square root of the radiuB of the con- 

ductor, and inversely to the square root of the spacing of 
the conductors. f 

Example 0. What is the fair-weather corona loss on a 150- 
mile three-phase line, operating at 100,000 volts, 60 cycles? The 
cables are No. 0 stranded copper and are spaced 9 feet 2 inches 
apart in the form of an equilateral triangle* (Outside diameter 
of No. 0 bare cable is 0.373 ins.) 

The critical voltage is Bo — 105,000 r log- 

= 105,000 X 0.187 log^— 

= 54,400 volts. 

The corona loss per cable per mile is 
P» = 5.54/yA (J5 - #o)* 

10« 

5.54 X 60 Vuf" (57,800 - 54,400)* 

= xo« 

= 160 watts. 

For a 150-mile three-wire line the loss equals 
P * 3 X 150 X 160 
- 72,000 watts 
a® 72 kw.* 

Prob. 51-6. Compute the corona loss in the line of Example 9 
at a frequency of 25 cycles. 

* This assumes no voltage drop along the line. Usually the drop is 
so great that only part of a line at any one time suffers a corona loss* 
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Prob. 62-6. (a) What would be the loss in the line of Example 

9 if the pressure between conductors were raised to 110,000 volts? 

( b ) Compare ratio of loss with ratio of voltages. 

Prob. 63-6. Show that for pressures of 44,000 volts and under, 
the corona losses are negligible on a line of standard spacing and 
commercial frequencies. 

Prob. 64-6. What would be the corona loss in Example 9 if 
for the copper line conductors were substituted aluminum con- 
ductors of equivalent conductivity? 


91. Efficiency of Transmission Lines. By efficiency of 
transmission lines is meant the efficiency of the conductors 
only. The transformers or other apparatus are not to be 
included as part of the line. This efficiency must be meas- 
ured under standard conditions, with a non-inductive load 
at the receiving end, with voltage of rated value and rated 
frequency and of sine wavc-forin. Since a line rarely oper- 
ates under standard conditions, it is often desirable to find 
the efficiency under given conditions. But if no conditions 
ar$ specified as to power-factor, sine wave-form, etc., stand- 
ard conditions are understood to be meant. In comput- 
ing the efficiency of the line, therefore, we have merely 
to divide the kilowatts delivered by the line wires to the 
apparatus at the receiving end by the kilowatts received 
by the line wires at the generator end under standard 
conditions. 

The values are most easily arrived at by the following 
means: 


Power 


Power 


received by 
line wires j 

must equal 

delivered by 
[ line wires j 

+ ■ 


Power lost in 
line wires. 


Power 


PR loss 


lost in line 

' S=S • 

in line 

+ 

wires i 


[ wires j 



Corona loss 
in line wires 


+ 


Leakage loss 
in line wires. 


In a well-constructed power transmission line the “leak- 
age loss” is negligible, on account of the relatively small 
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number of points of support where leakage may occur, 
therefore: 


Efficiency *)f line equals 

v Power delivered (by line wires) 

(Power delivered) + (I 2 R loss) + (Corona loss) 


Example 10. The following r data for a typical three-phase 
transmission line are adapted from the Electric Journal , 1913, 
page 839. 


Length of line 200 miles. 

Frequency 60 cycles. 

Load delivered to step-down transformers 

at load end of line 11,250 kw. 

Power-factor lagging, at high-tension ter- 
minals of step-down transformers 85 per cent. 

Voltage between conductors at receiving 

end of line 108,000 volts. 

Conductors, copper cables 250,000 cir. mils. 

Mean spacing of conductors 12.6 feet. 

Resistance of transformers and protective 
coils at each end referred to high-tension 
side 4.1 ohms. 

Reactance of transformers and protective 
coils at each end referred to high-tension 
side 64.5 ohms. 


Find the efficiency of the line under these conditions. Note 
that the conditions are not quite standard, in that the power- 
factor is less than unity. 

Volts to neutral ■* = 62,400 volts. 

The resistance of each conductor of the line, from table, equals 
200 X 0.2165 — 43.3 ohms. 

The reactance of each line conductor equals 
200 X 0.804 = 161 ohms. 

From Table 7, Appendix B, we find that the charging current 
of each conductor equals 

62 400 

200 x 5 41 x 1^000 = 67 6 ““P- 
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3750 kw. 


Power taken by each step-down transformer equals 

11,260 

- — « 

3 * 

Current taken by each transformer equals 
_ 3,750,000 _ * 

1 0.85 X 62,400 7 ' amP ' 

Fig. 234 shows the high-tension side of the transformers at each 



Fig. 234. Diagram of a transmission line showing the values and 
relative arrangement of the resistance and reactance of line and 
transformers. 


end of the line. The resistance and reactance of the transformers 
referred to the high-tension side are represented, and also the 



Fig. 235. The line current I un« is the resultant of the load current 
I load and the charging current J c . 

resistance and inductive reactance of each line wire are repre- 
sented. Let us consider line wire AB only. 

The current in AB is a combination of the charg in g current, 
67.5 

~2~°r 33.8 amperes, and the transformer current of 70.6 amperes, 
and may be found by constructing the vector diagram of Fig. 235. 
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/Bn, - V 70 .& + 33.8* + 2 X 70.6 X 33.8 cob 122* 

=* 60.0 amp. 

The PR loss in one line wire equals * 

60.0* X 43.3 - 166 kw. 

Tfie PR loss in the three conductors equals 
3 X 166 - 468 kw. 

The disruptive critical voltage equals 

Eo = 106,000 r log? 

» 105,000 X 0.288 log ^ 

* 82,300 volts. 

108 000 

Since the voltage to neutral is only — or 62,400 volts, it is 

v3 

less than the critical disruptive voltage, and there would be no 
corona loss in fair weather. 

The corona loss = 0. 

Total loss in line wires therefore equals the 1 2 R loss 


= 468 kw. 

Total input into line is equal to: 

Load delivered to step-down transformers — 11,250 kw. 
I 2 R loss in line = 468 kw. 

Total input into line = 11,718 kw. 


Efficiency of transmission line = 


11,250 

11,718 


= 96.0 per cent. 


Note that this is the line efficiency under the special condition of 
a load with a lagging power-factor of 85 per cent. 


Prob. 66-6. Find the efficiency of the line in Example 10, if 
the voltage at the receiving end were raised to 150,000 volts. 
Amount ^ power delivered, power-factor, and all other conditions 
the same as in the example. 


92. Over-all Efficiency of Transmission. It is often 
necessary to compute the efficiency of transmission from the 
generator terminals to the load terminals, and to determine 
the power-factor of the generator. In this case it is neces- 
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sary to count the losses in the transformers, feeder regulators, 
current limiting reactances and choke coils as well as the line 
losses. The simplest way to arrive at the total amount of 
power delivered by the generator is to combine all the power 
quantities taken by the several parts of the system. 

First. Resolve the power taken in each part of the sys- 
tem into two components at 90° to each other, namely: the 
Effective Power, and the Reactive Power. 

Second. A'<ld all the effective power quantities together 
to obtain the total effective power, and all the reactive power 
quantities to obtain the total reactive power. 

Third. Total apparent power delivered by the generator 
equals the square root of the sum of the squares of the total 
effective and the total reactive power. 

Fourth. The power-factor of the generator equals the 



Fig. 236. ‘The apparent power 4410 kv-a. is the resultant of the induc- 
tive reactive power 2326 kv-a. and the effective power 3760 kw. 

ratio of the effective power to the apparent power, delivered 
by the generator. 

Example 11. Find the over-all efficiency of transmission in 
Example 10. 

First. The power delivered to each step-down transformer 
equals 3750 kw. at 85 per cent power-factor. By constructing Fig. 

3750 

236, we see that this produces an apparent power of “ 4410 

0.85 
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kv-a., of which V4410* - 3750* (or 4410 sin 32°) equal to 2326 
kv-a. is inductive reactive power. 

The effective power consumed by £ach line wire equals 60.0* X 
43.3 * 156 kw. 

Construct Fig. 237, adding the 195 kw. in phase with the effective 
power of 3750 kw. delivered to one of the step-down transformers 
by the line wire connected to it. The effective power consumed 



Fia. 237. Total apparent power OT delivered to the step-up trans- 
formers is the resultant of the total reactive and the total effectiyo 
po wer^jjeli vered . 


by each step-up transformer with accompanying choke coils : and 
current-limiting reactance coils is composed of the PR loss and the 
core losses. The core losses in a well-designed transformer of this 
size average about 80 per cent of the I 2 R loss. Total effective 
power loss of one step-up transformer equals 

1.80 X (60.0* X 4.1) - 26.6 kw. 


418 alternating-current electricity 

Add this in Fig. 237 to the lines representing the previously deter- 
mined effective power. 

The inductive reactive power taken by one line conductor and 
one step-up transformer equals 

(64.5 + 161) 60.0* = 810 fcv-a. 

Draw, in Fig. 237, the line RX at right angles (lagging) to the line 
OR, to scale representing this 810 kv-a. inductive reactive power. 
Add to this line the line XV representing the inductive reactive 
power delivered to each step-down transformer, namely 2326 kv-a. 
By means of a diagram similar to Fig. 229, the equivalent voltage 
to neutral at the sending end is found to equal approximately 
66,600 volts. 

The capacity reactive power in each phase equals approximately 
67.5 X 66,600 = 4496 kv-a. 

Draw the vector FT in the opposite direction to the inductive- 
reactive-power vectors. This completes the effective and reactive 
power which must be supplied to each step-up transformer by the 
generator. The resultant vector OT will thus represent the power 
supplied by the generator. 

OT - y/RT* + OR 2 

OT « V (3750 -4- 156 + 26.6)* + (4496 - 810 - 2326)* 

= 4160 kv-a. 

mi m m . OR 3750 + 156 + 26.6 

Power-factor of generator — cos <f> = — 4160 

= 94.6 per cent leading. 

Total power delivered to the three step-up transformers 
4160 X 3 = 12,480 kv-a., representing 
3 X (3750 + 156 -f 26.6) = 11,800 kw. at 94.6% power-factor. 

We have only to find the power delivered by the step-down trans- 
former to the load in order to determine the over-all efficiency of 
transmission. 

Effective power consumed by each step-down transformer: 

I*R loss « 70.6* X 4.1 = 20.42 kw. 

I*R -h core loss = 1.8 X 20.4 — 36.8 kw. 

Inductive reactive power taken by each step-down transformer: 
70.6* X 64.5 = 321 kv-a. 
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Referring to Fig. 236, which represents the total power delivered 
to the step-down transformer, we see that the effective power, de^ 
livered to each phase of the load equals - 

3750 - 37 - 3713 kw.. 

The inductive reactive power delivered to each phase of the load 
equals 

2326 - 321 « 2005 kv-a. 

From Fig. 238, constructed from these values, we find total 



Fig. 238. The total effective power delivered by the step-down trans- 
formers to the load is represented by the vector OR. Reactive power 
delivered equals RX. Effective power equals OX. 

apparent power delivered tQ load by each step-down transformer 

equals 

V3713* + 2005* = 4218 kv-a. 

3713 

Power-factor of load = cos 0 = “ 88-0 per cent. 

Total effective power delivered to load equals 
3713 X 3 - 11,139 kw. 

1 1 139 

Over-all efficiency of transmission = — 94.4 per cent. 

ll|OUU 

Prob. 56—6. Find the over-all efficiency of transmission of Ex- 
ample 11 under standard conditions when delivering the same 
power to«the load transformers. 

Prob.57— 6 . What would be the over-all efficiency of trans- 
mission in Example 11 if the voltage were raised to 150,000 volts, 
all other conditions remaining as in Example 11? Assume that 
the transformer and reactance coils are rewound so that they have 
the same Josses as before, when transforming the same kilovolt- 
amperes. 



SUMMARY OF CHAPTER VI 

LONG TRANSMISSION LINES, in addition to resistance 
and inductive reactance, have a capacity reactance. 

CAPACITANCE is a sort of electric elasticity, and a line 
possessing it may be likened to an elastic pipe-line. 

THE AMOUNT OF CAPACITANCE, OR ELASTICITY, that 
a line possesses, is measured in the number of ampere-seconds 
of electiicity which one volt can force on the line. If one volt 
could force one ampere-second on the line, the capacitance of 
the line would be one FARAD. 

The equation for the electric charge upon a condenser is 
therefore 

Q “ EC, 

where Q = quantity of electricity, in AMPERE-SECONDS. 

E = steady pressure across line, in VOLTS. 

C — capacitance of line, in FARADS. 

A MICROFARAD is the common unit of capacitance, and 
equals one-millionth of a farad. 

A CONDENSER consists of two conductors separated by 
an insulating material called the DIELECTRIC. The larger the 
plate area and the thinner the dielectric, the larger the capac- 
itance of the condenser. The unlike charges of electricity 
upon the plates attract and bind each other. 

A TRANSMISSION LINE forms a condenser, one wire con- 
stituting one conductor, the ground or another wire the other 
conductor, the air between being the dielectric. 

THE CAPACITANCE of one wire to neutral is 

„ 0.0388 

1 ’ 

in which C M — the capacitance per mile of wire, in MICRO- 
FARADS. 

8 « distance between centers of wires. 
r « radius of wire. 

S and r MUST BE EXPRESSED IN TERMS OF THE SAME UNITS. 
THE CAPACITANCE between two wires is one-half of that 
of one wire to ground, because the two-wire condenser is a 

420 
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series combination of two condensers each formed by one wire 
and the ground* This assumes a symmetrical arrangement of 
wires, as is usual. 

THE CAPACITANCE OF CONDENSERS IN PARALLEL 
equals the sum of their separate capacitances. 

THE CAPACITANCE OF CONDENSERS IN SERIES equals 
the reciprocal of die sum of the reciprocals of their separate 
capacitances. 

AN ALTERNATING E.M.F. ACROSS A CONDENSER 
causes an alternating current, called the charging current, to 
flow in the condenser. If the e.m.f. has a sine wave-form, 
the charging current will have a sine Wave-form. 

THE CHARGING CURRENT leads the impressed voltage 
across the condenser by 90 electrical degrees. 

THE CAPACITY REACTANCE of a circuit is the ratio of the 
impressed volts to the charging current at a given frequency. 



If the frequency of the current and the capacitance of the line 
are known, the capacity reactance can be found from the 
equation 

_ 1 
• * 2 T TfC 

THE CHARGING CURRENT OF LINE may be found by 
dividing the stun of the voltages at sending and receiving 
end, by twice the capacity reactance of the line. This assumes 
that the capacitance of the line is concentrated in two conden- 
sers of equal capacitance, one situated at each end of the line. 
One-half the charging current is assumed to be sent the full 
length of the line. 

Tables of capacitances and charging currents are available for 
lines of standard sizes of conductors and standard spacings. 

THE PRESENCE OF MINOR HARMONICS in the wave- 
form of the e.m.f. impressed upon a circuit of large capaci- 
tance causes the charging current to be much more irregular 
in form than the e.m.f. curve. The higher the frequency of 
the .harmonic the greater the distortion of the current wave. 

THE VOLTAGE AT THE RECEIVING END of long un- 
loaded lines is usually higher than the voltage at the sending 
end. This is due to the fact that the effect of the voltage to 
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overcome the resistance is negligibly sm a ll, so that the voltage 
at the end to overcome only tile Combination of the 

inductive reactance and the capadtyreactahce. Since these 
two reactances are opposite in effect, the voltagbat the send- 
ing end equals the difference between the voltage required to 
overcome the capacity reactance and the voltage to overcome 
the inductive reactance* This difference is smaller than the 
voltage to overcome the capacity reactance alone, which is the 
voltage at the receiving end* 

THE CAPACITY CURRENT MAY IMPROVE THE 
POWER-FACTOR of the line if the load has a lagging power- 
factor. 

UNDERGROUND AND SUBMARINE CABLES HAVE 
SUCH LARGE CAPACITANCE and the breakdown voltage 'of 
the insulation is so low that it is impractical to transmit alter- 
nating-current power economically to any great distance by 
means of them, ten miles being about the greatest distance, 
and 23,000 volts the highest pressure. 

LIGHTNING DISCHARGES NEAR A LINE CAUSE 
SURGES of current which may raise the e.m.f. high enough 
to damage the highly inductive machinery, if the surges or 
oscillations are allowed to enter them. 

CHOKE COILS inserted in the line protect the machinery 
by allowing the surge to raise the voltage at the points where 
the choke coils are situated. This excess voltage is then 
made use of to cause the charge to “ spill over ” a gap to a 
ground connection, and flow off to the ground. 

A HORN GAP is introduced in order to break the power 
arc which may persist after the momentary high voltage has 
broken down the air resistance and has established an arc 
from the line wires to ground. 

ALUMINUM CELLS AND A SMALL AIR GAP allow no 
current to flow through them at normal voltage, but a slight 
rise in voltage is enough to break down the internal resistance 
of the cells and allow an excess charge to flow to ground. The 
cells allow practically no current to flow in the opposite direction 
and thus stop all oscillations set up by the arc. 

CORONA LOSS begins when the DISRUPTIVE CRITICAL 
VOLTAGE is reached and increases very rapidly as the voltage 
is raised beyond this . point. It is so called from the halo-dike 
glow which appears around the conductors with the pressure a 
little above the disruptive critical voltage. 

The following formula Is approximately correct for fair- 
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weather losses on commercial transmission lines using stranded 
cables. Fog, sleet and snow cause greater losses. Smooth 
round solid wires cause less loss. 

5.64 /y/~ (JB - 

I6« f 

corona loss per conductor per mite, in WATTS, 
frequency, in CYCLES PER SECOND, 
radius of cable, in INCHES, 
spacing of cables, in INCHES, 
impressed voltage to neutral, 
disruptive critical voltage to neutral. 

THE DISRUPTIVE CRITICAL VOLTAGE for clean 
stranded cables can be found approximately by the following 
formula : 

/So = 106,000 r log 10 * • 


- 


where 


= 

/ = 

v — 

H — 

K = 
Ko = 



PROBLEMS ON CHAPTER VI 

Prob. 68-6. Power is transmitted from Mepi>en, 111., to Alton, 
111., a distance of 28.7 miles, at 66, (MM) volts, three-phase, 25 cycles. 
The line consists of No. 2, stranded copper, strung in horizontal 
plane, feet apart, with no transpositions, as shown in Fig. 289. 
Compute the charging current of this line. 



» 1 ? 

: i. 



Ficj. 239. The three-phase three-wire line from Mepperi, 111., to Alton, 
111. The Central Klee trie Review. 

Prob. 69-6. W' lint is the voltage in the generator end of line in 
Proh. 58, when the lino is open at the receiving end and t he voltage 
there is 06,000 volts? 

Prob. 60-6. Tht; Sierra and San Francisco Power Co. transmit 
34, (XK) kw. from Stanislaus to San Francisco, a distance of 13S 
miles, by means of two three-phase circuits at a pressure of 

424 
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104,000 volts. Frequency, 60 cycles. Conductors are No. 00, 
copper, six-strand, hemp-center, arranged in vertical plane, spaced 
96 inches apart. Compute, by formulas, and check from tables 
in Appendix B: 

(a) Capacitance of line per conductor to neutral. 

(b) Inductive reactance of line per conductor to neutral. 

Prob. 61-6. What is the charging current of the Stanislaus- 

San Francisco line? 

Prob. 62-6. When the line is open at the Sap Francisco end, 
and the pressure there is 104,000 volts, what is the pressure at the 
Stanislaus end? 

Prob. 63-6. Compute the regulation of the Stanislaus-San 
Francisco line with load of 85 per cent power-factor lagging. 

Prob. 64-6. What is the voltage at the Stanislaus end at half- 
load, 0.95 power-factor lagging? Assume voltage at San Fran- 
cisco to be maintained constant at 104,000 volts. 

Prob. 66-6. If the voltage at the Stanislaus end of the line 
should become 118,000 volts when San Francisco is taking a 
load of 10,000 kw. at 0.80 lagging power-factor, what will be the 
voltage at San Francisco? 

Prob. 66-6. Compute the corona loss of the line in Prob. 62. 

Prob. 67-6. What is the efficiency of transmission of the Stan- 
islaus-San Francisco line at 

(a) Full load, unity power-factor? 

( b ) Full load, 85 per cent lagging power-factor? 

Prob. 68-6. An electric power company is planning to trans- 
mit 22,500 kw. at 110,000 volts, three-phase, 60-cycles, over a 
distance of 200 miles. Assume energy to cost 8 mills per kw-hr., 
and estimate interest, depreciation, taxes, etc., at 10 per cent. If 
there are two lines per tower, operated in parallel, and the line 
carries full load 16 hours per day and half load 8 hours per day 
every day of the year, 

(а) What size aluminum cable would you advise be used at 35 
cents per pound in place? 

(б) What size copper cable at 20 cents per pound in place? 

Prob. 69-6. (a) What spacing of conductors would you advise 

be used on the line in Prob. 68? 

(6) What will be the charging current if copper cables are used? 
Neglect line drop. 

Prob. 70-6. What will be the fair-weather corona loss, neglect- 
ing line drop, on the line if installed as in Prob. 69? 
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Prob. 71-6. Compute the regulation of the line in Prob. 69, at 
0.80 lagging power-factor. 

Prob. 72-6. What is the efficiency of the transmission line and 
the power-factor at the generator under the conditions in Prob. 69 
and 70? 

Prob. 73-6. The “ Electrical World,” April 25, 1914, gives the 
following data on the Cheat Haven-Butler, Pa., transmission line: 
the line is 106 miles long and operates at 125,000 volts, three-phase, 
60-cycles, 2 lincs'^jer tower. Conductors No. 0, copper, six-strand, 
spaced in vertical plane, 60 inches apart. Compute the fair-weather 
corona loss using these data. 

Prob. 74-6. What is the charging current on the Cheat Haven- 
Butler line? 

Prob. 76-6. What is the line regulation of line in Prob. 26 
when transmitting full load of 32,000 kw. at 80 per cent lagging 
power-factor? 

Prob. 76-6. Compute the efficiency of transmission of the line 
in Prob. 75, neglecting the transformers. 

Prob. 77-6. What is the power-factor at the generators of the 
Stanislaus-San Francisco line when full load at 85 per cent power- 
factor and 104,000 volts is being taken from the receiving end? 

Prob. 78-6. What regulation will the line have and what power- 
factor will the generators have in the project of Prob. 68 as you 
have planned it, using aluminum cables, when the full load has a 
power-factor of 80 per cent? 
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ASYNCHRONOUS MOTORS 

It is shown in Art. 28 and in Chapter VIH that an alter- 
nating-current generator may operate as a “synchronous 
motor, ” taking electrical power into its armature winding, 
and delivering mechanical power at its shaft. If the fre- 
quency of the power supply is maintained constant, the 
speed of such a motor will be the same at all loads that may 
be put upon it up to the point where it “ pulls out ” and stops. 
This speed is the “synchronous speed” and its value in 
revolutions per second is equal to the number of cycles per 
second divided by the number of pairs of poles in the a-c. 
machine under consideration; it is the speed at which the 
machine would have to be driven as a generator to produce 
an e.m.f. of the same frequency as that of the supply line. 

We shall also see that no considerable torque can be 
exerted by an a-c. generator operated in this manner as a 
motor, until it has been “synchronized,” or brought up to 
synchronous speed. If suitable polyphase alternating cur- 
rent is supplied to its armature winding, we shall see that a 
comparatively weak torque will be produced in the poly- 
phase synchronous motor, if the field is stationary or is 
rotating at any speed less than synchronous speed. This 
torque tends to start it or to bring it up to synchronous 
speed and is due to eddy currents induced in the pole-pieces 
or pole-faces by the magnetic flux produced by the poly- 
phase currents in the polyphase armature windings. 

If we supply single-phase alternating current to the arma- 
ture of a single-phase a-c. generator no starting torque is 
produced. This difference of action is due primarily to the 

427 
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fact that in the polyphase machine the flux produced by 
the supply currents is rotating around the shaft of the ma- 
chine, whereas in the single-phase machine the direction or 
position of the flux is fixed with relation to the windings, 
although the amount of flux varies in approximately har- 
monic relation to time. 

The essential difference between the “induction motor” 
and the “synchronous motor” can best be understood by 
studying carefully the difference between the manner in 
which the synchronous motor produces the torque to carry 
its normal load at synchronous speed, and the manner in 
which the same motor produces the torque to start it from 
standstill. The load torque is due to magnetic attraction 
of the poles, produced by the alternating currents in the 
“armature” windings for the poles produced by the direct 
current in the “field” winding, this direct current being 
supplied from some external source. This load torque can 
only be exerted when the “field,” or rotor, is turning at 
exactly synchronous speed; otherwise, the torque is alter- 
nately in one direction and the other, its average value being 
zero, regardless of the strength of the field poles or the amount 
of armature current. On the other hand, the starting torque 
is due to magnetic attraction (or repulsion) between the same 
stator poles produced by the alternating currents taken 
from the supply line, and the local currents or eddy currents 
induced in the rotor by the variations of the stator flux. 
We have here during starting, therefore, a sort of transformer 
action whereby the activity of the rotor is produced induc- 
tively by the stator magnetism rather than by an external 
source of direct current. While being started from the a-c. 
supply mains, and until it reaches exact synchronous speed, 
the synchronous motor really operates as an “induction 
motor.” At synchronous speed, the variations of flux in 
the rotor, and therefore the e.m.f.’s and currents induced in 
the rotor, are reduced to zero, and the induction-motor torque 
disappears, being replaced by the synchronous-motor torque. 
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The induction-motor torque exerted by a synchronous 
motor while starting is usually improved by any means 
which increases the amount of induced currents in the rotor 
or the amount of the inducing flux produced by the stator 
windings. Thus, the synchronous motor will have a higher 
starting torque if its pole-faces are of solid iron than if they 
are of laminated iron (although the efficiency of the machine 
is thereby reduced) on account of the increased amount of 
eddy currents in the pole-faces. Thus, also, the starting 
torque is much increased by the “squirrel-cage” made of 
copper bars, which is often inserted in slots prepared for the 
purpose in the pole-faces, as illustrated in Fig. 240, because 
the conductivity of the copper paths thus provided for the 
eddy currents is much 
greater than the con- 
ductivity of the iron 
paths in the pole-faces 
which these currents 
would otherwise be 
compelled to follow. 

It will be explained 
that the original pur- 
pose of this copper 
squirrel-cage on the 
rotor of synchronous 
generators and syn- 
chronous motors is to 
reduce the tendency 
of such machines to 
“hunt” or oscillate; but it serves also very usefully to in- 
crease the induction-motor torque for starting. 

93. Construction of the Polyphase Induction Motor. 
The fundamental structural members of the induction motor 
are the stator and the rotor. The stator is the stationary 
frame, made of steel laminations so punched and bolted 
together as to form a hollow cylinder, the inside of which is 



Fin. 210. Field with squirrel-nagc winding 
for 75 kv-a. and larger belted alternators. 
WistiiHjhouHc Electric and Mfg . Co. 
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accurately formed and is grooved axially with slots into which 
an insulated winding is laid. This winding does not differ 
in any essential respect from those employed for alternating- 
current generators, which are explained in detail in Chapter 
IX of the “First ( 'ourse. ” Quite commonly it is of the two- 
laver type with diamond-shaped formed coils as in Fig. 241, 
which is a copy of Fig. 353, First Course. In the ease 



Fifj. 241. Frame and armature winding for an alternating-current 
generator or motor. Westing ho use Electric and Mfg. Co. 

which we are at present considering, it is arranged or con- 
nected for two or three phases, and is connected to a poly- 
phase power supply having a similar number of phases and 
an e.m.f. of such value that an equal counter e.m.f. can be 
induced in the stator winding with a flux density in the 
stator core not large enough to cause excessive iron losses 
and heating. Fig. 241 is really the*, stationary armature of 
a revolving-field a-c. generator, but it is exactly like the stator 
of a majority of induction motors. 

The rotor is the rotating member of the motor. It also 
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is made up of laminations bolted together, punched in such 
.manner as to form grooves in which the rotor winding is 
placed. The outside cylindrical surface of the rotor is 
accurately formed to a diameter that is only enough less 
than that of the stator in which it revolves to give a safe 
mechanical clearance. The radial depth of the air gap 
between rotor and stator is commonly between 0.02 and 0.0S 
inch; larger values cause the power-factor qf the motor to 
he low, and smaller values make it difficult to adjust and 
maintain the rotor in proper mechanical and magnetic 
relation to the stator. 

Induction motors are classified as “squirrel-cage” or as 
“wound-rotor” motors, according to the method of placing 
in the rotor slots the copper circuits in which the stator 
magnetism induces the currents that react to produce the 
torque of the motor. In Fig. 242 we see a fully wound 
stator resting on its base-plate, and surrounded by an end- 
shield (or bearing) and three different rotors, K f L , M, any 
one of which may be used with this stator. K is a squirrel- 
cage winding consisting of lightly-insulated copper bars 
which have been pushed through the rotor slots and then 
welded, riveted, or soldered at each end to a ring of copper 
or bronze which connects them all together electrically. 
This squirrel -cage rotor does not differ essentially from the 
rotor shown in Fig. 240, except that the latter has salient 
or definite poles with coils carrying direct current, which 
are not necessary in the induction motor. The slots of rotors 
L and M in Fig. 242 are filled with a well-insulated winding 
very similar to that which occupies the stator slois. The 
total resistance of each rotor circuit of M and L may be ad- 
justed by inserting suitable rheostats between the terminals 
of the rotor windings; the effect is (as will be shown) to en- 
able us to control the speed of the motor, to improve the 
power-factor, and to adjust the starting torque to any value 
that may be desired, thereby making the motor much more 
flexible than when a squirrel-cage rotor is used. The ad- 
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justablc resistances may be mounted within the rotor and 
controlled by means of a sliding collar on the shaft as in L, 
or they may be removed entirely from the motor and con- 
nected to the rotor windings through collecting-rings as in 
M (Fig. 242). 



Fie. 242. Rotor K is a squirrel-cage type of rotor for an induction motor; 
L is a wound rotor wit h extra resistances mounted within, and M is a 
wound rotor to be connected with extra resistances through the col- 
lecting rings, General Electric Co. 

94. Physical Theory of the Induction Motor. When 
polyphase currents are caused to flow properly in the poly- 
phase windings of the stator, magnetic polar regions are 
produced on the cylindrical surface, which move progressively 
around the axis — in other words, the flux rotates around 
the shaft of the rotor. When the rotor is standing still, 
this moving flux induces c.m.f.'s and currents lengthwise 
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of the rotor from the points where the flux is m6st dense 
toward the points where the flux is less dense or* is of opposite 
sense. The rotating flux everts a mechanical force upon the 
conductors which carry these currents, tending to turn the 
rotor. In accordance with Lenz's Law, the direction of 
induced e.m.f. and current is such as to move the rotor in a 
direction Which will reduce or limit the induced e.m.f. and 
the current; in other words, the torque produced tends to 
turn the rotor in the same direction that the' flux is moving. 

If the resisting torque is not too great, the rotor begins to 
turn and is gradually accelerated. As its actual speed in- 
creases, its relative speed with respect to the revolving flux 
decreases, hence the indtlced e.m.f., rotor current and torque 
also decrease. When the rotor speed has increased to such a 
value that the induced e.m.f.’s and rotor currents are reduced 
to a value just suffleient to overcome the resisting torque due to 
the rotor losses and to whatever load may be upon the motor, 
there is no longer any excess torque tending to accelerate the 
motor, and its speed becomes steady. Therefore, the final 
speed will not be as high for a heavy load as it will be for a 
light load. If there were no load on the motor and no 
frictional or magnetic losses in the rotor, ihe speed would 
become equal to the speed of the revolving flux or the 
“synchronous speed” — that is, the number of revolutions 
around the shaft which any given pole on the stator makes 
per minute or per second; because then no torque and no 
rotor current would be necessary, hence no induced rotor 
e.m.f. and no speed difference between the stator flyx and 
the rotor would be required. 

The difference between the actual speed of the rotor and 
the synchronous speed is called the “slip,” and it is usually 
expressed in percentage of the synchronous speed. Thus, if 
a motor has a speed of 1140 r.p.m. at full load with a slip of 
5 per cent, the stator magnetism of this motor is revolving 
1140 

at a speed of , or 1200 rev. per min. At zero load, the 
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rotor of this motor will turn at very nearly 1200 rev. per min., 
as the PR f hysteresis and eddy-current losses in the rotor 
will be practically zero and the friction losses very small. 

Suppose that the e.m.f. applied to the stator of the motor 
mentioned in the preceding paragraph has a frequency of 
60 cycles per second. The stator must therefore be wound 
for three pairs of poles (6 poles), because the moving stator 
poles induce Jbhe counter e.m.f. in each stator conductor 
as well as the active e.m.f. in each rotor conductor, and the 
number of pairs of poles passing any given conductor per 
second is the same as the frequency of e.m.f. induced in that 
conductor in cycles per second. Thus, frequency of counter 
e.m.f. in stator (equal of course to the frequency of impressed 
e.m.f.) is equal to synchronous speed in revolutions per 

1200 

second times number of pairs of poles; or, 60 = -gjj- X 3. 


The synchronous speed of the induction motor is calculated 
from the number of poles on the stator and the frequency 
of impressed e.rn.f., in the same manner as for a synchronous 
motor or generator. 

The production of torque by means of induced currents in 
the rotor is illustrated by Fig. 243. We consider here a 
4-pole motor, which will have a synchronous speed of 
60 (cycles per second) 

-Lp ~r ~ ~~ — 5 — r = 30 rev. per sec. 

2 (cycles per revolution of stator flux) 


= 1800 rev. per min. 
The four polar regions on the stator move progressively 
clockwise, let us say, at an angular speed of 30 rev. per sec. 
The rotor turns also clockwise, but at some lower speed, say 
1620 r.p.m., or 27 r.p.s. (10 per cent slip). That is, the stator 
poles move with respect to the rotor conductors at a speed 
of only 3 rev. per sec. (slip speed), and in a clockwise direc- 
tion. To analyze the action, we may consider either that 
the rotor is held stationary while the stator poles turn clock- 
wise at a speed of 3 r.p.s., or that the stator poles remain 
stationary while the rotor turns counter-clockwise at a speed 
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of 3 r.p.s. In Fig. 243 it is assumed that the stator poles 
turn clockwise. 

At any instant, the rotor conductor situated under the 
middle of the polar regions of the stator, or at the points 
where the stator flux is most dense, will have the largest 



Fig. 243. The rotor conductors are here assumed to have resistance 
but no inductance. The dot © represents the induced current as 
flowing toward the observer, the © as flowing away from him. 

value of c.m.f. induced, and the rotor conductors midway 
between stator poles will have no e.m.f. induced in .them. 
As usual, an e.m.f. in direction toward the reader is repre- 
sented by a dot O, and an e.m.f. away from the reader is 
represented by a cross ®. Now, Fig. 243 is drawn on the 
supposition that the electrical circuits of the rotor are non- 
inductive, — that they offer resistance but have zero in- 
ductive reactance. Then, at any instant, the conductors 
which have the greatest induced c.m.f. have also the greatest 
current flowing through them, and this current flows in the 
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direction of the induced e.ra.f. ' The relative magnitudes of 
these currents in the various rotor conductors is indicated 
roughly by the relative size of the direction-symbols in the 
small circles which represent cross-sections of rotor con- 
ductors in Fig. 243. It is easily seen that the effect of these 
rotor currents is to produce a set of poles NS, SS, NS', SS' 
on the surface of the rotor midway between the stator poles 
NS, SS, NS'*£S'. As the rotor pole NS is pushed by the 
stator pole NS and pulled by the stator pole S/, it is evident 
how the torque of the motor is produced. As the stator 
poles move, the e.m.f.’s and currents which are induced in 
the rotor also progress, and the rotor poles therefore move in 
exact synchronism with the stator poles and maintain the 
same position with relation to them, regardless of how the 
rotor circuits may be wound or connected together. 

Fig. 244 is drawn to show what effect would be produced 
if the rotor conductors were to have zero resistance but con- 
siderable inductive reactance. In this case, the maximum 
current would not be attained in any rotor conductor until 
i period after the e.m.f . in that conductor had passed through 
its maximum value in the same direction, or until the pole 
which would induce an e.m.f. in that direction has reached a 
point one-half pole-pitch beyond the , rotor conductor in 
question. This results in a distribution of currents such as is 
shown in Fig. 244 for a particular instant; in effect, there is 
a sheet of current where the conductors lie on the surface 
of the rotor, and this sheet travels in time-synchronism with 
the stptor poles and in fixed space-relation to them. The 
current-density is not uniform at all points in the current- 
sheet, but the whole effect (when X r is large compared to R r ) is 
to form a set of rotor poles (NS, SS, NS', SS') directly beneath 
the corresponding stator poles NS, SS, NS', SS'. It is plain 
that with such relative position of rotor and stator poles 
no torque can be produced, all the magnetic forces being 
either exerted radially or balanced tangentially. 

From the foregoing discussion we learn one reason why 
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the torque of an induction motor is often weaker at the mo- 
ment of starting than it is after the rotor has attained some 
speed. At standstill, the frequency of the rotor currents 
has a maximum value, in fact equal to the frequency of 



Fkj. 244. The rotor conductors arc hero assumed to have reactance 
but no resistance. Note that the poles on the rotor are directly 
opposite similar poles on the stator. 

stator currents; and when the usual amount of inductance 
is associated with each rotor conductor or circuit, this re|> 
resents a relatively large value of reactance in the rotor. 
Although the induced e.m.f.’s in the rotor are relatively large 
on account of the large value of slip, the torque may he rela- 
tively weak at starting because', of the unfavorable position 
of rotor poles, i.e., of rotor current-sheet with respect to the 
stator poles. When the rotor turns near synchronous speed 
(as it ordinarily does at full load or less), the frequency of 
rotor e.m.f. is small and the inductive reactance of the rotor 
is small for the same inductance, hence each ampere of rotor 
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current will contribute much more torque than at standstill, 
because of the more favorable position of rotor poles relative 
to stator poles as illustrated by Fig. 243 and 244. 

Prob. 1-7. What is the synchronous speed, or angular velocity 
of the rotating flux in rev. per min., for an induction motor stator 
wound for 8 poles and connected to (a) a 60-cycle circuit, (b) a 
2f>-cycle circuit? 

Prob. 2-7. If^tlic zero-load speed of ail induction motor is 71 S 
r.p.m., when connected to 60-cycle mains, what must be the num- 
ber of poles for which its stator is wound? 

Prob. 3-7. The actual rotor speed at full load for the motor 
in Prob. 2 is 698 r.p.m. What is the per cent slip at («) zero load, 
(/;) full load? 

Prob. 4 7. A certain induction motor driven from 60-cycle 
mains has a full-load speed of S60 r.p.m. and a zero-load speed of 
896 r.p.m. Calculate: (a) For how many poles? the stator must 
he wound, (6) the synchronous speed, (c) the per cent slip at full 
load, (//) the per cent speed regulation of motor, (e) the per cent 
slip at zero load. 

Prob. 6-7. When the motor of Prob. 1 is at standst ill, what is 
the frequency of e.m.f. induced in each conductor on the rotor? 

Prob. 6-7. When the motor of Prob. 4 is running at zero load, 
what is the frequency of e.m.f induced in each conductor on the 
rotor? 

Prob. 7—7. If the rotor of the motor in Prob. 4 is wound with 
the same number of coils as the stator, these coils having also the 
same number of turns and the same relative positions (in other 
words, if the rotor winding is a duplicate of the stator winding) 
and if the voltage per phase of the stator winding is 134 while the 
frequency is 60 cycles per second, calculate the voltage per phase 
induced ip the rotor windings, (a) with rotor at standstill, (b) with 
motor running at zero load. 

Note. In this problem assume that all flux produced by the 
stator windings links also with the rotor windings — i.e., there is 
no magnetic leakage. This is a theoretically perfect condition 
which cannot he realized practically particularly on account of the 
air gap between rotor and stator. See Art. 41 and 64 on the 
transformer. 

Prob. 8—7. What would be the answers to the questions of 
Prob. 7 on the assumption that 10 per cent of the total flux which 
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links with the stator winding leaks through the air gap from one 
stator pole to another without linking the rotor winding? 

Prob. 9-7. If the, electrical circuit is opened in each phase of 
the rotor winding in Prob. 4 When the motor is carrying full-load 
torque, what will the speed become? (6) Approximately what will 
be the starting torque of the motor under this condition? 

Prob. 10-7. When the electrical circuit is complete in each phase 
of the rotor in Prob. 4, at what angle (mechanical- or space-degrees) 
from the stator poles would the corresponding rotor poles tend to 
be formed, under the following conditions: 

(a) Ohms reactance ( x % ) of each rotor circuit equal to the ohms 
resistance (r t ) of the same circuit; 


Illustrate by diagrams similar to Fig. 243 and 244. 

What would be the answers to the questions of 
Prob. 7 if the number of turns per rotor coil is only 25 per cent of 
the number of turns per stator coil, the two windings being in all 
other respects exactly alike? 

Prob. 12-7. What would be the answers to the questions of 
Prob. 8 on the additional assumption stated in Prob. 11? 

Prob. 13-7. If the circuit of each phase of the rotor winding in 
the motor of Prob. 4 be opened and the rotor is coupled to an ex- 
ternal source of mechanical power which drives it at synchronous 
speed but in a direction opposite to that of the rotating field, what 
will be the frequency of the e.m.f .’s induced between terminals of 
each phase of the rotor winding?* 

Prob. 14-7. What will be the voltage between terminals of 
each rotor phase in Prob. 13, under the specifications stated in 
Prob. 7 for windings and flux? 

Prob. 15-7. If the circuit of each phase of the rotor Winding 
in the motor of Prob. 4 be opened and the rotor is coupled to an 
external source of mechanical power which drives it at a speed of 
1200 r.p.m. in the same direction that the stator flux is moving, 
what will be the frequency of the e.m.f /s induced between terminals 
of each phase of the rotor winding? 

Prob. 19-7. What will be the voltage between terminals of each 
rotor phase in Prob. 15, under the specifications stated in Prob. 7 
for windings and flux? 


m ,2* 3. 

4 

(C)S 3 ? 

r. 4 
Prob. 11-7. 
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Prob. 17-7. If the circuit of each phase of the rotor winding 
in the motor of Prob. 4 be opened and the rotor is coupled to some 
external mechanical power, at what speeds may it be driven in 
order that the frequency of the e.m.f.’s induced between the ter- 
minals of each phase of the rotor winding shall be 25 cycles when the 
frequency of polyphase e.m.f/s impressed upon the stator windings 
is 60 cycles? 

Prob. 18-7. What will be the voltage between terminals of each 
rotor phase in Prob. 17, under the specifications stated in Prob. 7 
for windings aifd flux? (Note that the induction motor in Problems 
13 to 18 acts as a frequency-changer.) 

Prob. 19-7. (a) If the rotor of the motor in Prob. 4 is wound 

exactly like the stator, and turns in the direction of the torque 
produced by stator flux, and at one-half of synchronous speed, 
what will be the frequency of e.m.f.'s induced in the rotor? 

(6) If the terminals of the rotor windings in this motor be con- 
nected to the stator terminals of an exactly similar motor, at what 
speed will the rotor of the second motor tend to rotate? 

(c) If the motor of part ( b ) be aligned with the motor of part (a) 
in such manner that they tend to rotate in the same direction, and 
the two be coupled together mechanically in this position, at what 
speed should the shafts rotate when polyphase e.m.f.’s of 60 cycles 
frequency are impressed on the stator of No. 1 while the rotor 
terminals of No. 2 are short-circuited together? 

95. The Rotating Magnetic Field. The production of 
torque in the induction motor depends primarily upon a 
movement of the flux or polar regions on the stator, around 
the axis of the rotor. This fact is so important, and so 
difficult sometimes to follow, that we should pause to study 
it carefully and in detail. Fig. 245 represents the stator 
of a two-phase two-pole induction motor. When a current 
flows positively through phase A (that is, let us assume, 
from A toward A' through the rear end-connection), while 
no current flows in phase B , a compass needle R pivoted at 
the axis of the stator would point its north end upward, as 
shown by the full arrow a. When current flows positively 
(from B toward B f through the rear end-connection) in phase 
B while no current flows in phase A, the north pole of 
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the compass R would point to the right, as shown by the 
dotted arrow 6. 

Now connect coils A and B, to a two-phase source of power, 
so that a current flows in each of them, these two currents 



Fig. 245. The stator of a two-phase induction motor. A positive current 
in phase A causes the magnetic needle n to point up. A positive cur- 
rent in phase B causes a magnetic needle n to point to the right. 



Fig. 246. The curves show the values anddirections of the component 
stator fields of motor in Fig. 245 at the various instants during one 
and one-half cycles. Note that the field due to phase A leads the field 
due to phase B by 90°. 

being equal in value (on account of the symmetry of the 
circuits) and having 90 electrical degrees phase difference. 
Let us find the relative strength of the resultant magnetic 
field due to the stator windings at successive instants of 
time | period apart, and its direction as indicated by the 
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compass needle R. The chosen instants are represented by 
t lf h t hi etc., in Fig. 246, and the method of finding the 
corresponding direction and magnitude of the resultant field 
R is indicated correspondingly at < 1 , hi fe, etc., in Fig. 247. 
At h, the current in phase A has its maximum positive value 
and the current in phase B is zero, consequently the resultant 




field R .is exactly the same as the field due to phase A alone. 
Thus if <f> m represent the maximum strength of field, or 
amount of flux, due to maximum current, in either phase 
alone, R is equal to and is directed vertically upward at 
the instant <». At <*, | period later, the field due to phase A 
has reduced to the value a = cos 45° ; ~ 0.707 although 
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it is still in the positive or upward direction; at the same 
instant (as may be seen from Fig. 246), the field due to phase 
B has increased from zero to the value b ** fan sin 45° » ' 
0.707 fan, and its direction is positive or toward the right. 
The resultant of these components taken together is 
R = V2 X 0.707 &» = fan, as shown at in Fig. 247. 

In similar fashion we follow the resultant field during one 
complete cycle from ti to U, and we find that any given mag- 
netic polar region on the stator will travel over the distance 
occupied by two polar regions of the stator winding. That 
is, in the case under consideration in Fig. 245, 246 and 247, 
although there are always two magnetic polar regions on the 
surface of the stator (diametrically opposite, it being a two- 
pole winding), both of these poles will sweep around the 
axis while keeping a fixed relation to each other, making 
one complete revolution in the stator for each cycle of e.m.f. 
impressed on the stator windings, which means 60 rev. per 
sec. if the frequency is 60 cycles. By a similar analysis, it 
could be shown that if the stator were wound for 4 poles 
instead of 2, the time of two cycles of impressed e.m.f. would 
be required for each of the four poles to move completely 
around the stator, or the synchronous speed of the stator 
60 

magnetism would be = 30 rev. per sec. corresponding to 

a frequency of 60 cycles per sec. Each magnetic pole on a 

25 

stator wound for 6 poles would make -g- = 8£ revolutions of 

the stator per second or 500 r.p.m., when the motor is con- 
nected to a 25-cycle circuit. 

When the stator is wound for three phases (and 2 poles) 
the analysis of magnetic relations is as shown in Fig. 248, 
249 and 250. When current flows in phase A only, in posi- 
tive direction ( A toward A* in the rear end-connection), the 
flux is in direction indicated by Qa in Fig. 248; similarly, 
positive direction of current in phases B and C produce flux 
in the direction Ob and Oc respectively. At the instant 
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we see from Fig. 249 that phases A, B and C produce fluxes 
respectively as follows (the currents or component fluxes A , 
B, C of Fig. 249 being 120° apart): 



ings of a three-phase two-pole motor. 
The arrows show the direction of the 
flux due to positive currents in the 
phase windings. 


a = (in positive direc- 
tion, as indicated 
by Oa in Fig. 
248). 

b « 4> m sin 30° = 0.5 <f> m 
(in negative direc- 
tion, or opposite 
to Ob in Fig. 248). 
c = sin 30° = 0.5 <t> m 
(in negative direc- 
tion, or opposite 
to Oc in Fig. 248). 


In Fig. 250 (fc), these 
three component fluxes 
a, b y c are combined in 
a proper relative values 
and directions, produc- 
ing the resultant total 
flux R — 1.5 0 m , where 
€f> m is the flux that would 
- be produced by the maxi- 
mum instantaneous value 
of current in any one 
phase alone. 

At the instant fc, tV 
period or 30 electrical 
degrees later, the a com- 
ponent has decreased to 
the value <f> m cos 30° or 
0.87 <j>m f but is still in .its positive direction (along Oa in 
Fig. 248); the b component has reduced to zero; the c 
component has increased in value to 4> m sin 60° or 0.87 <t>m 



Fio. 249. Sine curves showing the direc- 
tion and value of the fluxes produced at 
every instantr by the three-phase arma- 
ture windings of Fig. 248. 
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and is still negative, or in direction opposite to r 0c in Fig. 248. 
The resultant total magnetic field at this instant is shown 
as R in Fig. 250 (U), and is seen to have moved 30° from 
its previous position in Fig. 250 (h) T V period earlier, although 
it has exactly the same numerical strength, namely, 1.5 <t> M - 



Fig. 250. Vector diagrams showing how the fluxes produced by the 
three-phase winding of the motor in Fig. 248 combine so as to pro- 
duce always the same resultant field of 1.6 n - This flux, however, is 
rotating. 

Between the instants t\ and U the elapsed time is £ period, 
and we see from Fig. 250 that meanwhile the position of the 
resultant flux R has progressed steadily at uniform angular 
velocity through 90 mechanical degrees, maintaining mean- 
while a constant strength represented by 1.5 <t> m - Continu- 
ing the analysis further along the same lines, we might show 
that for each cycle of impressed e.m.f. or stator current, 
every magnetic pole of the stator flux moves progressively 
over the space occupied by two adjacent polar regions of 
the stator winding. Thus, just as in the case of the two- 
phase motor, the synchronous speed of the rotating flux 
is 3gP- or 30 rev. per sec. in a 60-cycle motor having 4 poles 
(2 pairs), and V or Si r.p.s. in a 25-cycle motor having 6 
poles (3 pairs). 

Prob. 20-7. The three-phase stator of Fig. 248 is connected in 
star to a three-phase supply line. The line wire connected to 
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phase B breaks. Explain, by aid of a sketch, what happens to both 
the position and the value of the resultant flux R . 

Prob. 21-7. The stator coils A and B of the two-phase motor 
of Fig. 245 are connected to two phases (e.m.f.'s of equal value but 
120 electrical degrees phase difference) of a three-phase supply line. 
Draw vectors OR as in Fig. 250 to represent the direction and 
value of the resultant flux at successive instants of time ^ period 
apart, beginning when the current in phase A has its maximum posi- 
tive value. 

Prob. 22-7. The stator coils A and B of the three-phase motor 
of Fig. 248 are connected to a two-phase line (e.m.f.’s of equal value 
but 90 electrical degrees phase difference). Draw vectors OR as 
in Fig. 247 to represent the direction and value of the resultant 
flux at successive instants of time & period apart, beginning when 
the current in phase A has its maximum positive value. 

Prob. 22-7. For convenience in mathematical analysis, a mag- 
netic field which has fixed direction but strength varying harmon- 
ically with respect to time (that is, a single-phase field) is sometimes 
considered to be composed of two fields which are of equal and 
constant strength, and are rotating at uniform and equal angular 
velocity but in opposite directions. Demonstrate whether this 
assumption is justified or not. 

Prob. 24-7. The stator of a given induction motor is wound 
for and energized by two-phase e.m.f.’s, while the rotor is wound 
three-phase and is connected in star. If the windings are similar 
and the number of slots per phase per pole and of turns per coil 
are the same for rotor and stator, what will be the ratio of induced 
stator voltage to induced rotor voltage: 

(a) Between terminals of each phase; 

(b) Between terminals of star in rotor? Assume that all flux 
links completely with both stator and rotor. 

Prob. 25-7. What effect would be produced upon the stator 
magnetism by 

(а) Reversing the connections of phase A only, in Fig. 245; 

(б) Interchanging the connections of two line wires to the stator 
in Fig. 248 (assuming it to be star-connected)? 

96. Starting Characteristics of the Polyphase Induction 
Motor. The facts and relations which interest us partic- 
ularly about the starting of an induction motor are: 
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(a) The maximum amount of torque which can be de- 
veloped to start the motor, and the] methods for controlling 
this torque. 

( b ) The current required to start the motor against any 
given resisting torque. 

(c) The power-factor of the starting current. 

There is the greatest difference between a squirrel-cage 
motor and a wound-rotor motor in respect to these important 
factors, consequently we shall discuss first the squirrel-cage 
motor, and later indicate where the wound-rotor motor differs. 

At the moment of starting, a squirrel-cage motor is exactly 
like a transformer whicji has a short-circuited secondary 
and an air-gap in the magnetic circuit between primary 
(stator) and secondary (rotor) . The secondary is stationary, 
and the rotating flux has the same angular velocity with 
respect to both rotor and stator. The secondary current 
per circuit is equal to the secondary induced e.m.f. per cir- 
cuit divided by the secondary impedance per circuit. This 
impedance depends upon the values of resistance and re- 
actance. The resistance is a fixed quantity in this type of 
motor and is made low in order that the efficiency may be 
high; the reactance depends directly upon the rotor in- 
ductance per circuit and upon the frequency of the rotor 
currents or e.m.f.’s induced in the rotor conductors. The 
rotor inductance is due to flux (caused by the currents in 
rotor conductors) which links with rotor but not with stator 
conductors; its value is approximately constant in a given 
motor. The rotor frequency is directly proportional to the 
slip and has a large value, equal to stator frequency, when 
the motor is at standstill or is being started. 

From the foregoing it is evident that, at the time of 
starting a squirrel-cage induction motor, the secondary re- 
actance ( 22 ) is large in comparison with the secondary 
resistance (r 2 ). Therefore, the rotor currents will lag nearly 
90 electrical degrees behind the e.m.f. induced in the rotor 
circuits. The conditions are then as represented in Fig. 244, 
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and the stator flux is revolving at synchronous speed with 
respect to the rotor. The rotor poles or magneto-motive 
forces are almost directly opposed to the stator poles or 
m.m.f,’s; consequently, a relatively large part of the flux 
which' links with the stator coils and generates the counter 
e.m.f. in them leaks through the air gap from one part of 
the stator to another without linking the rotor, and the 
induced e.m.f. ’s in the rotor circuits are less than directly 
proportional to tlie slip. This is equivalent to saying that 
the leakage reactance of the stator, or primary of the trans- 
former, is increased by the presence of the air gap, and that 
the reacting 4 e.m.f. due to reactance and load component 
of stator current (taken to balance the ampere-turns of the 
secondary, and lagging nearly 90° behind the impressed 
e.m.f.) is almost directly opposite in phase to the e.m.f. 
impressed on the stator, so that the reduction of induced 
e.m.f. thereby is relatively large. 

We may summarize our analysis as follows, with particu- 
lar reference to the squirrel-cage motor: 

First. The starting current taken from the line by the 
stator is large because additional primary ampere-turns are 
required to balance the secondary ampere-turns, thus main- 
taining the flux and counter e.m.f. in primary as discussed 
in Chapter III, Art. 35. The secondary (rotor) current 
tends to be large because the slip is very large, which in- 
duces a relatively large e.m.f. in the rotor notwithstand- 
ing the fact that the magneto-motive force of the rotor is 
in nearly direct opposition to the primary m.m.f. and the 
amount of inducing (mutual) flux is thereby reduced. The 
rotor current is limited, however, by the relatively large 
value of secondary frequency due to the 100 per cent dip. 
The internal torque developed will depend directly upon the 
starting current, and the acceleration of the motor will 
increase with the excess of this torque over the resisting 
torque due to load. To start on full-load torque with an 
average squirrel-cage motor will require 2.5 to 5 times 
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full-load current from the line. Rather complete data is 
given in Table I, , 

Second . The power-factor of the starting current is low. 
When starting against full-load torque, a squirrel-cage motor 
will have a power-factor of about 55 to 60 per cent. This 
is because the ratio of inherent reactance to resistance 
in the short-circuited secondary (rotor), is large. This in 
turn is due principally to the large value of slip and of 
secondary frequency, and to the relatively forge values of 
leakage inductance in both primary and secondary caused 
by the air gap between them. 

Third . The starting .torque is low in relation to the 
starting current, principally because of the unfavorable 
position of the rotor currents and poles with respect to the 
stator poles (see Fig. 244). The maximum torque that can 
be developed in a given squirrel-cage motor to start it from 
rest is limited by its design (values of r 2 and ®a), and in the 
average motor is about 1.5 times full-load torque. Table 1 
gives more complete data. 

Prob. 26-7. (a) Calculate the actual full-load speed in r.p.m. for 
the 20-h.p. 900-r.p.m. motor of Table I, operating from a 60-cycle 
2300-volt circuit. 

(6) Calculate the current taken from each line wire at full load 
by this motor, if it is three-phase. 

(c) Calculate full-load torque in pound-feet at the pulley for this 
motor. 1 

Prob. 27-7. For the motor of Prob. 26, calculate the following 
additional items: (a) Actual starting current, amperes per line 
wire if started against rated-load torque at line voltage. (6) Torque 
(pound-feet) per ampere when starting under this condition. 
(c) Torque (pound-feet) per ampere at full load. 

Prob. 26-7. Answer the questions of Prob. 26, with relation to 
the 20-h.p. 1200-r.p.m. motor of Table I. 

Prob. 26-7. Answer the questions of Prob. 27, with relation to 
the motor of Prob. 28. 



TABLE _I 

Data op Crocker-Wheeler Polyphase Induction Motors 
As given by Crocker and Arendt in “ Electric Motors,” published by Van Nostrand, page 200 
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TABLE II 

Efficiencies and power-factors of 60-cycle, 2-, and 3-phasb squirrel- 
cage Induction Motors made by the Richmond Electric Co. 


850 R.p.m. 
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97. Starting Torque of Polyphase Induction Motors. If 
we alter the design of the motor so as to ch&ngethe ratio of 
x% (reactance per secondary circuit at sfcandsiiUjto r* (re- 
sistance per secondar y circuit) , while keeping the total sec- 
ondary impedance ( r * 8 + x£) constant, wfi find that the 
actual maximum starting torque will be attained when r» = x%. 
It may be shown, either mathematically or by test, that the 
actual value of this maximum torque at standstill depends 
upon factors of design and operation, as follows:* 

(a) It is directly proportional to the square of the num- 
ber of turns per secondary circuit. 

( b ) It is directly proportional to the square of the voltage 
induced per turn of the secondary circuit at standstill. 

* These relations may be explained as follows: 

(а) Doubling the number of turns per secondary circuit, other 
things being equal, would double the e.m.f . induced in each secondary 
circuit. This would caufee the current per circuit to be doubled if r 2 
and x 2 remain unchanged. With twice as many rotor conductors, 
each carrying twice as many amperes, all acted upon by the same 
stator flux as formerly, the turning effort wiH evidently be doubled 
twice, or quadrupled. 

(б) Doubling the voltage induced per turn of secondary circuit, 
other things being equal, would double the e.m.f. induced in each 
secondary circuit. A doubled e.m.f. per turn indicates that the amount 
of inducing flux has been doubled. This doubled flux acts upon the 
doubled current in each secondary conductor, to produce a quadrupled 
torque. 

(c) A doubling of the angular velocity of the rotating flux would 
be due to a doubling of the frequency of e.m.f. ’s applied to the stator, 
or to halving the number of poles. If we are keeping the same induced 
volts pqr turn of secondary circuit while doubling the speed of the 
rotating flux, we must at the same time halve the amount of the flux. 
The secondary current per conductor remains constant if the induced 
volts per turn is constant, and this same current is acted upon by the 
halved flux to produce a halved turning effort. 

(d) To produce the maximum starting torque with other conditions 
as given, r> has been made equal to x a . If now we double the value 
of both f*i and the impedance per secondary circuit is doubled and 
the current per circuit is halved for the same induced e.m.f. per cir- 
cuit. This halved current acts upon the unchanged flux to .produce 
a halved torque. 
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(c) It is inversely proportional to the angular velocity of 
the rotating field. 

(<7) It is inversely proportional to the value of secondary 
resistance per circuit, which is assumed to be made equal to 
the reactance per circuit. 

To increase the starting torque, there- 
fore, we have to make one or more of 
the following changes: 

(а ) Increase the number of conductors 
on the rotor. This can be done when 
designing a new motor, but is not prac- 
ticable for a motor already constructed. 

We must bear in mind also, that the 
number of secondary turns affects the 
value of secondary inductance. 

(б) Increase the voltage applied to the 
stator. This will increase the counter 
e.m.f. in stator, the flux, and therefore 
also the voltage induced per turn of the 
secondary. Large motors would draw 
too much current from the line if started 
oven at full-load voltage. Thus it is 
necessary to cut down the line voltage 
for starting. The stator voltage may be 
controlled by introducing an adjustable 
resistance between each stator phase 
and the corresponding line wires, keep- 
ing these resistances always equal to 
one another so that the phase's will re- 
main balanced. This method involves 
a large I~R loss in such resistances (as 
they carry the entire loud current) and 
a correspondingly low effic.eney for the motor. 

The method usually employed to lower the voltage applied 
to the stator for starting and raise' it again when the rotor 
lias attained its full-load speed is by means of autotrans- 



Ficj. 251. Three-phase 
start ing compensator 
for induction motors, 
equipped with no- volt- 
age release (loft side) 
and fusc»s to protect 
against overload. The 
cylinder switch at the 
bottom is for making 
the starting ami the 
running connection. 
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formers. Thus, Fig. 251 represents what is known as a 
“starting compensator,” such as is used for starting three- 
phase squirrel-cage induction motors of 5 horse power and 
larger. It consists essentially of three autotransformers 
connected together in star. The handle on the right oper- 
ates a drum-switch below, enabling us to connect the 
motor terminals to taps on the autotransformers for starting 
the motor ancj, to change over directly to the line after the 
motor has reached its full speed. The motor is protected 
against overload by fuses on tin* board just above', the com- 
pensator; if desired, those fuses may be replaced by circuit- 
breakers or by overload relays which give warning when 
they stop the motor. 

Fig. 252 shows the complete connections for this same 
compensator. When the switch-cylinder is turned so as to 



Fig. 252. Connections of the three-phase starting compensator with 
no-voltage release shown in Fig. 251. The fuses protect the motor 
when running, but not when starting. General Electric Co. 

connect to the front finger-block, the outer ends of the auto- 
transformers are connected to the line and the intermediate 
taps are connected to the motor terminals. The motor 
thereby receives something less than line voltage, depending 
upon the location of the taps. After the motor has reached 
full speed the cylinder-switch is thrown over to the running 
side, and the motor is thereby connected through the back 
finger-block directly to the line (through the fuses) receiving 
full rated voltage. 
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Notice that the fules in Fig. 252 are not in circuit, doling 
starting, as the starting current is usually considerably 
larger than full-load current, and fuses which would protect 
the motor in normal operation would be continually blowing 
when the motor is starting. The cylinder-switch is often 
arranged so that it will not stay in the starting position unless 
held there by hand. When it is thrown to the running side, 
the compensators become dis- 
connected from the line, which 
avoids the continual core losses 
in them that would otherwise 
occur. 

Fig. 253 is a simplified dia- 
gram showing such arrange- 
ments as may be used in starting 
motors of large Size or high volt- 
age. First throw in the switch 
Si, energizing the autotrans- 
formers. Then Jhrow switch S 2 
downward, connecting the mo- 
tor to intermediate taps on the 
compensator C. When motor 
reaches full speed throw S 2 up- 
ward, connecting motor directly 

to line through trip coils, which 

latter operate the circuit-breaker i^q. 253. Starting compensator 
in case of overload. Finally,’ with separate switches, forstart- 
open switch Si, disconnecting ing three-phase induction mo* 
compensator from the line. of size and high volt- 

Motors smaller than 5 horse age * 

. power are usually started either by means of a star-delta 
switch (see First, Course, Fig. 130 and Prob. 139-3, page 
152), or by connecting the stator directly to the line without 
any starting device. 

(c) It is not practicable to change the speed of the rotating 
field for changing the starting torque of the motor, because the 
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line frequency is not under the controf of the operator, and 
the winding and switching required to change the number of 
poles on the stator are too complicated and expensive. 

(d) The starting torque would be raised by increasing the 
rotor resistance r 2 up to the point where r 2 becomes equal to 
Xs (at standstill). If r 2 is increased further than this, the 
starting torque decreases again, because the gain due to 
change in the position of the rotor poles is not as great as 
the loss due to increase of rotor impedance (which cuts down 
the rotor current). If copper circuits are used in the rotor, 
it is ordinarily impracticable to hold 22 (at standstill) down 
to the same value as r 2 . But r 2 may be increased so as to 
be more nearly equal to 22 , by using alloyed metals for the 
rotor bars and connections (end-rings), which have higher 
resistance than copper. Although this does increase the 
starting torque, it also lowers the efficiency of the motor 
and causes it to have a poor speed regulation, as we shall see 
later. 

If we use a wound-rotor in our induction motor, it is easy 
to bring out the terminals of the rotor circuits through col- 
lecting-rings to external adjustable resistances as already 
mentioned in relation to Fig. 242. Adjusting r 2 thus by 
external means, we can develop in the wound-rotor motor 
at starting, a torque as large as the motor can develop when 
running at full voltage, which it is not practicable to do in 
a squirrel-cage motor. Moreover, the external resistance 
may be short-circuited or cut out after the motor is up to 
full speed, thus avoiding the low efficiency and poor speed 
regulation mentioned above as pertaining to high values of r 2 . 

Prob. 30-7. The starting torque of a certain squirrel-cage motor 
is 2.5 times rated-load torque, when full voltage is applied to stator 
at starting. For about what per cent of rated or line voltage should 
the taps on the starting compensator be adjusted, in order to start 
the motor against rated-load torque with as little current as possible? 

Prob. 31-7. If the 10-h.p. 1200-r.p.m. motor of Table I gives 
a starting torque equal to 200 per cent of rated-load torque when 
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full rated voltage is applied to the stator, what per cent of rated 
voltage is the least that will start the motor against rated-load 
torque? 

Prob. 88-7. From the answer to Prob. 31 and the data given 
in Table 1 for starting current at rated voltage, calculate what per 
cent of rated-load current should be required to start the motor 
' against rated-load torque. 

Prob. 88-7. What per cent of rated-load current should be 
taken by the motor of Prob. 31 and 32 when the Applied voltage is 
just sufficient to start it against 150 per cent of rated-load torque? 

Prob. 84-7. Assuming the inductance of the secondary or rotor 
circuits to be constant, calculate the ratio of the reactance per rotor 
circuit at rated load (3.9 per cent slip) to the reactance at standstill 
(starting) for the 50-h.p. 900-r.p.m. motor of Table I. 

Prob. 38-7. The starting compensator for the 25-h.p. 1200-r.p.m. 
induction motor of Table 1 has taps for 40 per cent, 60 per cent and 
80 per cent of the line voltage, which is equal to the rated voltage 
of the motor. What percentages, respectively, of rated-load 
torque will be obtained when starting on these various taps? 

98. Current and Power-Factor when Starting the In- 
duction Motor. Pursuing further the analogy between 
the induction motor and the transformer (see Art. 96), it is 
usual to consider the total current which the stator takes 
from the line, as . being made up of an exciting component 
and a load component. The exciting component is itself 
considered to consist of a magnetizing component (in phase 
with the stator flux which links with each phase) and a core- 
loss component (which supplies the core-loss power and is in 
phase with the e.m.f.). The load component of stator cur- 
rent is taken to balance the counter magneto-motive force 
in the magnetic circuit, which is generated by the current 
in the secondary turns. 

For a given voltage applied to the primary or stator, 
the exciting current is approximately constant regardless of 
what value the secondary or rotor current may have, be- 
cause the counter e,m.f. in the stator is reduced only very 
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slightly by the Jin andfiSi reactions therein, consequently the 
stator flux remains practically unchanged (or proportional to 
stator voltage). The load component of stator current, how- 
ever, must be proportional to the secondary current (the ratio 
between these two currents being approximately the same 
as the inverse ratio of turns, as in an ordinary transformer). . 
The power-factor of the stator load component must be 
equal to the power-factor of the rotor current; this is equal 
to the cosine of the angle of phase difference between cur- 
rent and induced e.m.f. in the rotor, or (at standstill) . 
r% 

V r 2 2 4- X 2 2 

To produce a reasonable acceleration of the rotor even at 
zero load requires a load component which is large compared 
to the exciting current (being equal to or more than full-load 
current). Consequently, the power-factor of the entire 
stator current at standstill is practically equal to that of 

r 2 

the rotor current, namely ^ 7 ===== • If r 2 is adjusted to 

be equal to so as to produce the maximum starting torque 
for a given current and rotor impedance, then the value of 

r 2 

this power-factor at standstill becomes equal to 

or ^ 7 = or 0.71. Obviously the power-factor at starting may 

be made to have almost any desirable value by simply ad- 
justing the ratio of r 8 to X 2 , which is usually accomplished 
by adjusting r 2 . 

The amount of total starting current taken by the stator 
will depend almost entirely upon the amount of rotor current, 
at standstill. This will depend directly upon the e.m.f. 
induced per rotor circuit, and therefore upon the e.m.f. 
impressed on the stator; it will also be inversely proportional 
to the impedance per rotor circuit, which is Vr a 8 + x%* at 
standstill. Theoretically it would be best to make r 2 equal 
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to x% so as to develop maximum torque; and then make 
both rt and x% of such actual value that the rotor current 
and the torque developed in the rotor would be not much 
more than sufficient to overcome the torque against which 
the motor must start, and to develop a proper acceler- 
ation' so that it will reach full speed in a reasonable length 
of time (say one minute). Practically, however, in any 
given motor x% is not adjustable, so that if we do not vary 
the voltage we must adjust the motor to develop the required 
starting torque by means of r 2 only. Therefore the starting 
current and the starting power-factor will each depend upon 
and vary with the other, and we shall be able to control the 
starting current independent of the starting power-factor 
only by adjusting the voltage applied to the motor. 

By proper adjustment of the external resistances of a 
wound-rotor induction motor the power-factor while starting 
against full-load torque may be made as high as at normal 
full load (that is, probably 85 per cent to 90 per cent), while 
the starting current may be very little in excess of rated 
full-load current. Compare these with corresponding values 
for the squirrel-cage motor as given in Art. 96. 

* The effect of increasing the resistance of the secondary 
(rotor) circuits, upon the current taken by the motor at 
standstill and upon the starting torque, are shown in Fig. 254. 
Curve B shows that the largest starting torque that can be 
developed in this particular (typical) motor is 250 per cent 
of rated full-load torque (or of the torque which will develop 
rated horse-power output at rated speed), and that this 
torque is attained when the resistance external to the rotor 
is equal to about three times the internal resistance of the 
rotor. The starting lorque is less than this for either greater 
or less values of resistance in the rotor circuit. Curve A 
shows the current taken from the supply line by the stator 
(expressed in per cent of current taken when running at 
normal full load), when the resistance of the rotor circuit has 
various values. Full line voltage is impressed upon the 
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stator in Fig. 254. Both curves A and B would descend to 
the fcero line at the point where rotor resistance becomes 
infinitely large (open circuit in the rotor), because then no 
current could flow in the rotor and therefore no forces could 



Fia. 254. Curve A bIiowb the relation of starting current to rotor 
resistance, voltage constant. Curve B shows the relation of torque to 
rotor resistance, voltage constant. Wagner Elect. Mfg. Co. 


be produced on the rotor. Of course the values for these 
curves cannot be observed for resistances lower than that 
of the rotor winding (short-circuit across rotor terminals); 
but the dotted portions show that the torque would be zero 
and the current maximum if the entire resistance of the 
rotor circuit (r 2 ) should be reduced to zero, leaving only 
Xs to limit the current. We have seen from Fig. 244 why 
the torque is zero under this condition. 
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Fig. 255 shows the effects of impressing reduced voltage 
upon the stator at standstill, as is done in starting a squirrel- 
cage motor by* means of a compensator or autotransformers. 
Curve A shows current (in per cent of current taken at 
normal full load of motor) delivered from compensator to 
stator, curve C shows current (on same basis) taken by 



Fig. 255. Curve A shows the relation of the starting current taken by 
a Wagner induction motor to the voltage applied. Curve C shows 
the relation of the line current taken by the compensator to the stator 
voltage. Curve B shows the relation of the starting torque to the 
voltage. Wagner Electric Mfg. Co. 

compensator from supply line, and curve B shows torque 
(in per cent of torque at normal full load), when the voltage 
impressed upon the stator has various values expressed in per- 
centage of rated voltage. The current supplied to the motor 
is directly proportional to the pressure applied to the stator 
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(or induced in the rotor), because the resistance, reactance and 
impedance of the rotor circuit are all constant at standstill. 
As already demonstrated, the torque at standstill (in fact, 
at any fixed value of percentage slip) is proportional to the 
square of voltage applied to stator or the voltage induced 
in rotor. 

Prob. 36-7. If the power-factor of the starting current for 
the 15-h.p. 1200-f.p.m. motor of Table I is 60 per cent, what will it 
be when starting under the following altered conditions: (a) Stator 
voltage reduced 50 per cent, frequency unaltered; (b) stator voltage 
unaltered, frequency reduced 50 per cent; (c) stator voltage and 
frequency both reduced 50 per cent? Neglect the exciting current. 

Prob. 37-7. Each rotor circuit of the motor in Prob. 36 has a 
resistance of 1 ohm, let us say. Calculate the reactance of each 
circuit, in ohms, (a) at starting, normal frequency; (6) at rated 
load, with 5 per cent slip. Assume inductance constant. 

Prob. 33-7. The impedance of each rotor circuit in the 2-h.p. 
1800-r.p.m. motor of Table I is, let us say, 5 ohms when the motor 
is being started from standstill. What will be the corresponding 
value at rated full load with 5 per cent slip and 83 per cent power- 
factor? 

Prob. 39-7. Assuming each motor in Fig. 254 and 255 to be 
adjusted so as to develop rated-load torque at starting, the total 
I 2 R losses in the motor will be what per cent of the I 2 R losses at 
rated full load, (a) for the wound-rotor motor of Fig. 254; (6) for 
the squirrel-cage motor of Fig. 255. 

T Prob. 40-7. Assuming adjustments to have been made on each 
motor of Fig. 254 and 255 limiting the starting current on the supply 
line to 150 per cent of rated-load current, calculate the percentage 
of rated-Joad torque developed at starting by (a) the wound-rotor 
motor of Fig. 254; (6) the squirrel-cage motor of Fig. 255. 

Prob. 41—7. Explain the reason for the difference between curves 
A and C in Fig. 255, and show that they correspond exactly. 

Prob. 42—7. From the data in Fig. 254 calculate the total re- 
actance of the motor at standstill, as percentage. C onsid er that, 
as in a transformer or a-c. generator, the percentage reactance 
(volts) means the percentage of rated voltage c onsume d in over- 
coming reactance when rated-load current flows. 
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99. Action of Induction Motor when Carrying Load. 

"Loading” a motor means offering more opposition to the 
turning of the»motor. The first effect of this, in any motor, 
is to cause a reduction of speed because, for an instant at 
least, the power output is greater than the power input, and 
the excess must come out of the store of kinetic energy in 
the moving parts of the machine by reduction of their 
"momentum” and velocity. In all types of motor which we 
have already studied we have seen that this initial reduction 
of speed produces changes in the counter e.m.f. and the 
current taken from the line, which increases the electrical 
power intake of the motor; the speed reduction will pro- 
ceed until the input becomes equal to the output plus the 
losses, at which point the speed becomes steady again. 

So it is also with the polyphase induction motor. When 
wo increase the load, the speed falls and .the slip increases. 
The e.m.f. induced in each rotor circuit increases with the 
slip; the frequency and impedance of the rotor circuits is 
nearly constant at ordinary loads, so that the rotor current 
is increased approximately in proportion to the rotor e.m.f. 
and the slip. The rotating stator flux exerts increased force 
upon the increased rotor currents, producing a correspond- 
ingly greater driving torque. The speed will fall until this 
driving torque becomes equal to the resisting torque, and will 
then remain steady as long as the load is steady. A higher 
resistance of the rotor circuits necessitates a greater rotor 
e.m.f. and slip in order to produce the amount of rotor cur- 
rent required to carry the same load (torque). Therefore 
the speed corresponding to a given load will be ldwer on 
account of the increase of slip due to the greater rotor re- 
sistance. 

To simplify our reasoning, let us first consider a nearly 
ideal motor. If the primary (stator) had no resistance 
(n = 0) and no leakage reactance (xi — 0), then the primary 
counter e.m.f. and the flux would be constant for all loads 
(the e.m.f. impressed upon the stator windings being con- 
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atant), and therefore the slip would be directly proportional 
to the e.m.f. that must be induced in the rotor. . If also the 
secondary has zero reactance and constant resistance, this 
rotor e.m.f. necessary to produce the rotor current is directly 
proportional to the current and therefore to the torque that 
must be developed (the other factor of torque, namely, 
flux, being constant). Under these ideal conditions the slip 
increases uniformly with torque from a value of zero at the 
theoretical zero'load (no opposition whatever, either external 
or internal, to the movement of the rotor), to a value of 100 
per cent when the motor is “ st ailed * * or meets such opposi- 
tion that it comes to a standstill. Thus, as shown by curve A 



an induction motor with no stator resistance, an ideal case. Curve 
B shows the relation of speed to the torque of an induction motor 
the stator of which has resistance; this resistance causes the speed 
to fall at an increasing rate. Westing ho use Electric and Mfg. Co. 

in Fig. 256, the speed drops correspondingly and uniformly 
with increase of (internal or driving) torque, from synchro- 
nous speed to zero. 

The actual speed-torque curve departs from this ideal 
straight-line relation, slightly at light loads but very greatly 
at heavy overloads on the motor. There are several causes 
for this behavior. Considering them in order as we meet 
them in following the input through the motor, we come 
first to the effect of resistance of the primary windings. 
This primary resistance causes the counter e.m.f. to be less 
than the (constant) impressed e.m.f. by an increasing amount 
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(equal to the Iri drop, I increasing with load) . Consequently 
the flux decreases and there must be a twofold increase of 
slip, foy we have not merely to induce, by means of the de- 
creased flux, the same current as formerly for a given torque, 
but we must actually produce a larger current to act on the 
weaker flux with the same force as formerly. Thus, con- 
sidering only the effect of stator resistance, the speed-torque 
curve would become like B in Fig. 256, departing from curve 
A at an ever-increasing rate as the torque grows, and thus 
becoming curved downward. 

The effect of magnetic leakage in the motor is far more 
important than that of primary resistance, however. On 
account of the air-gap in the path of the useful (mutual) 
flux, the reluctance of this path is of the same order of 
magnitude as the reluctance of the leakage paths of the 
local fluxes, which link with primary but not with secondary, 
or vice versa. On account of the primary leakage, the mu- 
tual flux which induces the total e.m.f. in the rotor is re- 
duced further than indicated by curve B of Fig. 256. On 
account of secondary leakage (the effect of which is like 
inductance introduced into the secondary circuit, as ex- 
plained in Art. 41 and 42 of this book) a considerable and 
increasing part of whatever e.m.f. may be induced in the 
rotor is used up in overcoming the secondary leakage react- 
ance so that the rotor current corresponding to a given slip 
is reduced. Thus, the slip required to produce a given rotor 
current must be larger than if the secondary circuits had 
resistance only as in the ideal case of Fig. 256. 

Other considerations are also involved with the magnetic 
leakage, all tending to the same effect of reducing the torque 
that corresponds to a given slip. The reactance of the 
secondary depends directly upon frequency of secondary 
current or induced e.m.f. as well as upon leakage inductance 
of rotor. The reactance of the rotor is therefore directly 
proportional to the slip; the secondary impedance increases, 
and the rotor current corresponding to a given per cent 
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slip decreases, on this account. Moreover, the increase of 
secondary reactance with load and slip lowers the second- 
ary power-factor and brings the rotor currents or poles into 
a position relative to the stator poles which is less favorable 
to the production of torque (see Fig. 243 and 244). Finally, 
as seen from Fig. 244, the increasing lag of secondary cur- 
rents (with increasing load, slip and secondary reactance) 
brings the rotor poles into more nearly direct opposition 
to the stator poles, which tends to increase the magnetic 
leakage still further. This effect is not unlike the armature 
reaction in a direct-current machine. 

The combined effect of all these influences is to change the 
speed-torque relation from that shown by curve B in Fig. 256 



Fig. 267. Speed-torque curves for a polyphase induction motor, show- 
ing the effect of magnetic leakage. Curves a and b same as in Fig. 
256: Curve C shows the combined effect of resistance, leakage and 
secondary reactance. The Westinghouse Electric and Mfg. Co. 

and 257 to that shown by curve C in Fig. 257. The most 
significant feature about this curve, which is typical of a 
squirrel-cage motor, is that the resisting torque or load can 
be increased up to a certain well-defined maximum value, 
but if it be made greater than this the speed and torque 
both decrease simultaneously and rapidly and the motor 
comes to a standstill. This point of maximum load is called 
the pull*out torque or the breakdown-point. At standstill 
with the same (full rated) voltage applied, the torque is 
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usually considerably less than this maximum. Thus, in 
Table I we observe that the starting torque is usually about 
two-thirds as large as the pull-out torque, both being meas- 
ured with rated voltage applied to the stator. 

100. Performance Curves' of Induction Motor. When 
we load a motor, the “independent variable” which we con- 
trol and upon which all other factors depend, is the torque; 
that is, we increase the resisting torque. It is most logical, 
therefore, to consider all other variable factors with relation 
to the torque that the motor develops. Some writers prefer 
to use horse-power output as abscissas for their performance 
curves, but such curves are more difficult to reason about 
because the horse power depends upon speed as well as torque, 
and speed varies with torque. In any case, the persons who 
must buy the motor, use its service, or supply it with elec- 
trical power, are interested in the power-factor, the speed, 
the efficiency of the motor, and the manner in which these 
quantities vary with the load whether it be measured* by 
torque or power output. 

Thus, Fig. 258 shows the relation of speed (curve A), 
power-factor (curve C) and efficiency (curve B ) to the useful 
torque delivered at the pulley, for a three-phase, 25-horse- 
power, 60-cycle, 675-r.p.m. induction motor manufactured 
by the Wagner Elect. Mfg. Co. The motor has a wound 
rotor, but curve A shows the speed variations when the rotor 
is completely short-circuited or operated with zero external 
resistance. Curves 1, 2, 3, . . . , 8 represent the speed- 
torque relations for this motor when various amounts of 
resistance are inserted in series with the rotor windings, 
curve 1 corresponding to a much larger amount of resistance 
than curve 8. More will be said of these curves later. 

At zero load or zero torque the only current flowing tq 
the stator from the Une is the exciting current, there being 
practically no rotor current and therefore no load component 
of stator current. The zero-load power-factor of the motor 
depends therefore upon the relation of power (core-loss) 
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and power-factor correspond to curve A . 
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component to magnetizing component of this exciting cur- 
rent. Now, on account of the air gap in the magnetic cir- 
cuit of the motor, the magnetizing component of the exciting 
current is relatively very much larger than in the ordinary 
transformer which has an all-iron magnetic circuit. Con- 
sequently, the running current of the motor at zero load has 
usually a low power-factor; this is to be clearly distinguished, 
however, from the power-factor of the starting current which 
depends principally upon the design of the rotor as already 
explained. 

When the motor is running at or about normal full load, 
the current input consists mainly of load-component, and 
the (constant) exciting component has become relatively 
insignificant. The power-factor of the motor will now be 
nearly equal to the power-factor of the rotor current, which 
depends upon the ratio of rotor reactance to rotor resistance. 
The rotor reactance is relatively small because the value of 
slip and rotor frequency are low. When the motor becomes 
heavily overloaded, however, the corresponding large value 
of slip and rotor frequency make the rotor reactance large 
in comparison with rotor resistance; the result is that the 
power-factor of secondary current becomes lower and there- 
fore the power-factor of stator current also becomes smaller. 
This is as shown by the curve C in Fig. 258. 

When the motor overcomes no resisting torque, the power 
output is zero regardless of speed; and as there is an input 
equal to the total losses, the efficiency of the motor is zero. 
As the load increases the current increases, and the I 2 R 
losses in rotor and in stator both increase in proportion to the 
square of the current. The friction and core losses are 
approximately constant (variations due to change of speed 
and to flux density in iron being slight as long as the im- 
pressed voltage and frequency are maintained constant, 
as usual). The efficiency will rise until it reaches a maxi- 
mum value when the total variable losses ( PR in rotor and 
stator) become equal to the total constant losses (due to 
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friction, hysteresis and eddy currents;. At greater loads 
than this, the efficiency becomes lower again on account of 
the very rapid increase of I 2 R losses at the large values of /. 

By properly proportioning the parts of the motor, the 
designer usually makes the maximum efficiency occur at 
the load which the motor must carry most of the time. If 
the load is fairly steady, this would naturally be the “full 
load” for which the motor is rated and selected. But if 
the load is fluctuating, and particularly if the requirement of 
heavy starting torque compels the selection of a motor so 
large that the average load is considerably less than the rated 
“full load” (which it can carry without overheating), then 
the maximum efficiency may be caused to come at less than 
full load (as in Fig. 258) in order to produce a higher all- 
day efficiency.* * 

Table II presents in condensed form the relations of effi- 
ciency and power-factor to power output for a complete line 
of medium-sized motors of the squirrel-cage type, at two 
different standard speeds. The motors are all designed for a 
frequency of GO cycles per second, and are supposed to be 
operated at this frequency and at the voltage for which 
they are designed. It makes practically no difference in 
the operating characteristics whether the windings are 
arranged for two-phase or for three-phase, and practically 
no difference whether the voltage is 220 or 2300. 

Notice from Table II the following general relations: 

First. The efficiency curves are very nearly flat from half- 
load up to or beyond 25 per cent overload. 

Second . The power-factor curves are far from flat. Even 
at $ load the power-factors are decidedly less than at full load 
and the power-factor in general becomes very poor below 
half-load. 

Third. For a given size (horse power) of motor, the effi- 
ciency curve is practically the same for the high-speed motor 
as for the low-speed motor. However, the power-factor is 
* See Art, 4 and 38 of this volume. 
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decidedly higher in the high-speed motor than in the low- 
speed motor. 

Fourth. For a given speed, the larger sizes of motor have 
the higher efficiencies and also the higher power-factors. 

Such conclusions from Table II may be turned to practical 
advantage. Thus, it appears that we should be very care- 
ful not to “over-motor” the loads — that is, not to select 
a motor larger than is actually required to carry the load. 
For, if the motor is too large it operates at only a fraction 
of its full load, and the power-factor and efficiency are much 
lower than might be if the motor were more closely adapted 
to its task. This is perhaps the most common fault in ap- 
plications of induction motors. The tendency is very natural 
to “play safe ’ 7 when we do not know exactly the amount of 
power necessary to drive a given machine, and to install a 
motor which is much too large. A large amount of informa- 
tion is now available in all electrical handbooks concerning 
the amount of power necessary to drive various machinery. 
If this is not sufficient, the manufacturer should be appealed 
to, or the power required should be measured by a trial motor 
before making a permanent selection of motor. 

In many cases where installations have been remodeled 
so as to group a number of machines on one motor no larger 
than was previously used to drive each of the machines 
separately, or where large motors have been replaced by 
smaller ones on individual drives, the result has been to 
produce higher power-factor, better voltage regulation of 
the distributing lines, reduction of generating capacity used 
or more generating capacity released for other purpose, and 
higher efficiencies for all parts of the system including 
motors, lines and generators. 

Furthermore, it is evident from Table II that we improve 
the power-factor by selecting a higher speed motor of the 
same size to carry the same load, while we alter the efficiency 
neither appreciably nor necessarily. Taken in conjunction 
with the fact that a higher speed motor is smaller, lighter 
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and less expensive for the same rated horse power, this signi- 
fies that a considerable improvement both in economy and 
in quality of service may be had by choosing the higher speed 
motors, particularly in locations where the machines to be 
driven require high speed, which would have to be obtained 
by gearing or belting if low-speed motors were selected. 

Prob. 43-7. The motor of Fig. 258 being rated 25-h.p., 675-r.p.m., 
60-cycles, three-phase, and being wound with 8 poles for 250 volts, 
calculate the following: 

(а) Pound-feet useful torque at rated load and speed. 

(б) Synchronous speed, in r.p.m. 

(c) Slip, in per cent, at rated load torque (curve 8) . 

(d) Slip, in per cent, at rated load torque, without controller 
(curve A). 

Prob. 44-7. From data of the curves A, B, C, for the motor of 
Fig. 258, and Prob. 43, calculate: 

(a) Watts input at rated load torque. 

(b) Volt-amperes input at rated load. 

(c) Amperes input per line wire at rated load. 

(d) Equivalent single-phase current at rated load. 

(e) Horse-power output at rated torque without controller 
(curve A). 

Prob. 46-7. From the curves of efficiency, power-factor and 
speed (curve A) for the motor of Fig. 258, calculate the current 
per line wire at J, f, 1, lj, 1 \ and 2 times full-load torque, and 
draw the current-torque curve to scale. Discuss the form of this 
curve. 

Prob. 46-7. Replot the curves of efficiency, power-factor and 
speed (curve A) of Fig. 258, on a basis of horse-power output as 
abscissas. Compare these with the corresponding curves of Fig. 
258. 

Prob- 47-7. If the maximum torque at standstill is obtained 
when secondary resistance equals secondary reactance, and if 
secondary reactance varies in direct proportion to the slip, calculate 
from the data of curve 8, Fig. 258, what should be the power-factor 
of the rotor currents (or of the load component of primary or stator 
currents) at rated load with speed of 675 r.p.m. Compare this 
value with that observed from the power-factor curve of Fig. 258. 

Prob. 43-7. From the data in curves of Fig. 258, calculate the 
total watts lost in the motor at J, $, J, 1, 1^ and 2 times rated- 
load torque. Draw a curve with torque as abscissas and total losses 
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as ordinates. Extend this curve until it cuts the vertical axis 
and from the intercept thereon measure the power input at zero 
torque. Should this be equal to stator core losses and friction 
losses of the motor, approximately? 

Prob. 43-7. By means of data from curves A, B, of Fig. 258 
corresponding to the torque at which the efficiency is maximum, 
calculate the value, in watts, of 

(a) The constant losses, namely core losses and friction. 

(« b ) The variable lasses, namely copper losses in stator and rotor. 
Note whether the value (a) equals the answer found* in Prob. 48. 

Prob. 50-7. From the current-torque curve of Prob. 45 deter- 
mine the current at 325 pound-feet torque as a percentage of rated- 
load current. Assuming the variable losses to be proportional to 
the square of the stator current, calculate from this percentage and 
from the results of Prob. 49 what the variable losses should be at 
325 pound-feet of torque. 

Prob. 51-7. From the results of Prob. 49 and 50, calculate the 
efficiency corresponding to 325 pound-feet of torque, and compare 
with the value given on the efficiency-torque curve of Fig. 258. 

Prob. 52-7. Solve Prob. 50 and 51 with respect to a torque of 
200 pound-feet. 

Prob. 53-7. Ilow many kilowatts and kv-a. of generator ca- 
pacity would be saved or lost by grouping together upon a single 
5-h.p. 1140-r.p.m. motor (Table II), five machines each of which 
was formerly driven by a 1-h.p. 1140-r.p.m. motor delivering full 
rated load? Assume that the losses in the shafting introduced by 
the group drive amount to 25 per cent of the useful power 
output of the shaft, and that the load on all machines is perfectly 
steady. 

Prob. 64-7. Assume that the work performed by the five 
machines of Prob. 53 is such that only two of them are working 
(at full load, requiring 1 h.p. for each machine) n t any time. What 
size motor would be needed for group drive, and how much more 
or less of kilowatt and kilovolt-ampere generator capacity ’would 
be required for group drive than for individual drive, assuming horse- 
power loss in shafting same as in Prob. 53? 

101. Effect of Rotor Resistance on Performance of 
Induction Motor. We have already seen (Art. 97 and 98) 
what effects are produced upon the current, power-factor 
and torque of the polyphase motor at starting, by increasing' 
the resistance of the rotor circuit, or by increasing the ratio 
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of resistance to reactance of the rotor in designing the motor. 
Such changes or adjustments also affect the operating char- 
acteristics of the motor — particularly the speed-torque 
and the efficiency-torque curves, and furnish the most 
convenient means for controlling the speed of an induction 
motor. 

Thus, in Fig. 258 we see that the insertion of a certain 
amount of resistance in circuit with a given rotor changes 
the speed-torque relation from curve A to curve 8, giving the 
maximum torque at standstill or at starting instead of at 
67 per cent of synchronous speed (or, giving a starting 
torque of 400 pound-feet instead of 256 pound-feet, with 
full rated voltage applied to the stator in both cases). The 
insertion of still more resistance in the rotor circuit changes 
the speed-torque relation as shown by curves 8, 7, . . . , 2, 
1 successively. 

From these curves of Fig. 258 we read that: 

First. If the rotor resistance is increased so as to give 

maximum torque (of 400 pound-feet) at standstill or at 

starting (curve 8), then the speed regulation obtained, when 

the torque is reduced from normal full-load value to zero, is 

900 — 675 oox 
or 33$ per cent. 

Second. If the rotor resistance is still further increased, 
so as to give slightly more than full-load torque (232 pound- 
feet) at starting (curve 4), then the speed regulation from full- 

OOrt 900 

load torque (194 pound-feet) to zero is jrjrjr — or 350 

aUU 

per cent. 

Third. With the motor working against full-load torque, 
we can obtain reduced speeds of 0 r.p.m. (curves 3, 2 or 1), 
200 r.p.m. (curve 4); 360 r.p.m. (curve 5), 510 r.p.m. (curve 
6), 600 r.p.m. (curve 7), or 675 r.p.m. (curve 8), with the 
steps of resistance provided in this particular controller. At 
half-load torque we could obtain two additional speeds by 
use of steps No. 2 and No. 3 on the controller. 



ASYNCHRONOUS MOTORS 


475 


Fourth. If the motor has to start against a torque equal 
to that at normal full load, the rotor would not begin to 
move until the controller had been turned to point No. 4 
after passing points 1, 2, 3. On point 4 there would be torque 
of 232 — 194 = 38 pound-feet available for accelerating 
the motor. The speed will increase until it reaches about 
200 r.p.m., at which point the torque is reduced to the value 
against which the motor is turning and the motor turns 
steadily because there is no torque available for acceleration. 
If now we turn the controller to point No. 5, the torque at 
200 r.p.m. immediately increases to about 235 pound-feet 
(on curve 5); we now have 235 — 194 — 41 pound-feet of 
torque available for acceleration, and the speed increases 
as far as 300 r.p.m., where the motor will continue to turn 
steadily unless we proceed to point 0 on the controller. 

The greater the opposing torque against which the motor 
must start, the further must we turn the controller before 
t he rotor will move. The more rapidly we desire the motor 
to pick, up speed, the faster must we move the controller in 
the direction of lower resistance. We must realize, however, 
that in either of these cases the current taken from the; line 
during acceleration is correspondingly increased. 

The effect of secondary resistance' upon speed is further 
illustrated by Fig. 259. For curve b the total resistance per 
id tor circuit is twice as large as for curve a. Having doubled 
r 2 , let us adjust the torque until the slip has also been doubled. 
Then, the induced e.m.f. in the rotor is also doubled (assum- 
ing, for the moment, that the mutual flux remains unchanged). 
Also, the reactance of the rotor, which is directly proportional 
to secondary frequency, or slip, is also doubled. In conse- 
quence, the ratio of secondary reactance to secondary resist- 
ance is not altered, and the; power-factor remains unchanged; 
but the secondary impedance has been doubled because both 
resistance and reactance of rotor have been doubled. With 
doubled impedance opposing tlu; doubled rotor induced 
e.m.f., the; rotor amperes will obviously have the same value 
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l'l.j. 2f><). Speed-torque and current -torque curve for a polyphase in- 
duction motor with various values of secondary resist an (re. The 
Westing house Electric, and Mfy. Co. 
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as formerly. If the rotor poles have the same strength 
Tsame rotor current) and the same position relative to the 
stator poles (same rotbr power-factor), we see that we were 
justified in assuming the mutual flux to remain unchanged. 
With unchanged stator flux and unchanged rotor poles, we 
see also that the torque must be the same as before. 

Speaking in general terms, therefore, we may say that if 
the total resistance of each rotor circuit is increased n-fold, 
then the same torque will be produced with the same current 
supplied to the motor but at an n-fold increased slip. The 
power input is unchanged if the motor takes the same current 
at the same voltage and power-factor. The power output is 
reduced in exact proportion to the slip or to the reduction 
of rotor speed, because the torque (the other factor of mechan- 
ical power developed in rotor) is unchanged. Therefore, the 
percentage efficiency corresponding to the same torque is re- 
duced in direct proportion to the speed, by any increase of re- 
sistance in the rotor circuits. We see, further, that if the 
resistance of each rotor circuit is increased n-fold while the cur- 
rent remains the same (with n-fold increase of slip) then the 
total PR loss in the rotor winding must be increased n-fold. 

Referring again to Fig. 259, we see that for any given 
value of torque, say T pound-feet, curve b shows the motor 
to be twice as far below synchronous speed as curve a; 
that is, the slip corresponding to any given value of torque 
is doubled when we double the rotor resistance. Similarly, 
comparing curve c with curve o, we see that the slip corre- 
sponding to a given torque is quadrupled if we make the 
rotor resistance four times as large; curves d and a show that 
the slip is increased 8-fold when we increase the rotor resist- 
ance 8-fold, and so forth. 

The current curve A (Fig. 259) is the same for all speed- 
torque curves (a, 6, c, etc.), as long as the voltage and fre- 
quency impressed on the motor are maintained constant/ 
This accords with our previous finding, that the current and 
power-factor remain unchanged if the torque is constant, 
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although the speed may have any value between zero and 
synchronous speed depending upon the amount of resistance 
in the rotor circuits. The current OB which the stator takes 
when no torque is being developed is the exciting current. 
After the breakdown point or point of maximum torque is 
passed, we see that the current continues to increase although 
the torque is decreasing. The intercepts of the current curve 
upon the vertical straight lines of Fig. 259 measure the 
“ stalling current ” which the motor takes at standstill with 
full voltage applied and various amounts of resistance in the 
rotor circuit. 

We see also from Fig. 259 that increase of rotor resistance 
does not reduce or alter the pull-out point or the maximum 
value of torque which the motor can produce for a given 
voltage applied. The vertical lines have been drawn in 
Fig. 259 to point out an important fact; namely, that the 
lowest values of rotor resistance give a relatively small torque 
at standstill but nevertheless cause the largest starting 
currents to be taken at given (constant) voltage; and that 
the starting torque may be increased while the starting 
current is reduced, by increasing the rotor resistance up to a 
certain point (corresponding to curve d), but that if larger 
rotor resistance than this be employed, the starting torque 
is reduced as also the starting current (shown by curve e). 
The extension of the speed-torque curves below the hori- 
zontal axis OT indicates what values of torque would be en- 
countered by an external source of mechanical power when 
used to drive the rotor in a direction opposite to that of the 
rotating flux (that is, produce negative speeds), while the 
stator remains connected to the alternating-current supply. 

To assist the student in reading the ordinary literature 
of the induction motor, it were well for us to explain that 
the torque is often expressed in terms of “synchronous 
watts” instead of “pound-feet.” To explain the relation 
between these terms, let us take for example a machine 
which develops a torque of 100 pound-feet at 1000 r.p.m. 
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and whose synchronous speed is 1200 r.p.m. This torque 
is equal to that produced by a pull of 100 pounds along a 
belt wrapped around a pulley of 1-ft. radius or 2-ft. diam- 
eter. The work done by such a force in turning the pulley 
through 1 revolution is 2 wrF = 6.28 X 1 ft. X 100 lbs. = 
628 foot-pounds of work or energy. If the motor were to 
exert this same torque while turning at synchronous speed 
(1200 r.p.m.), the mechanical power generated would be 

628 X 1200 = 753,600 foot-pounds per minute, or 

oo,UUU 

= 22.8 horse power, or 22.8 X 746 = 17,020 watts. This is 
the so-called “ synchronous watts, ” meaning the mechanical 
power (expressed in watts) which the machine would develop 
if it were to turn at synchronous speed while exerting the 
same torque. 

As power is directly proportional to both torque and speed, 
“ synchronous watts ” is equal to the product of synchronous 
speed (r.p.m.) and torque (pound-feet) multiplied by a 
constant ( K ) whose value is determined as follows: 

Synchronous watts = r.p.m. X pound-feet X K , 

17,020 = 1200 X 100 X K, 

17,020 
1200 X 100 
= 0.142. 

That is, we multiply the torque in pound-feet by the syn- 
chronous speed in r.p.m. and by the constant 0.142 to get the 
torque in synchronous watts. This quantity is useful in 
analyzing the losses in the induction motor and, lil$e the 
method of expressing resistance and impedance of trans- 
formers and generators in terms of per cent, it enables us 
more readily to compare the performance of machines of 
various sizes and speeds. 

Prob. 55 - 7 . Calculate the percentage speed regulation of the 
motor (rated-load torque to zero) corresponding to each of the 
speed-torque curves given in Fig. 258, and draw from these results 
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a curve having as abscissas the starting torque (as per cent of rated- 
load torque) and as ordinates the per cent speed regulation corre- 
sponding to the rotor resistances which give these values of starting 
torque. 

Prob. 66-7. What values of torque, expressed as percentages 
of rated-load torque, may be obtained from the motor of Fig. 258 
operating ~at a speed of 500 r.p.m., by means of the particular 
controller to which these speed-torque curves refer? 

Prob. 67-7. # What values of speed, expressed as per cent of 
synchronous speed or zero-load speed, may be obtained -from the 
motor of Fig. 258 operating at half of rated-load torque, by means 
of the particular controller to which these speed-torque curves 
refer? 

Prob. 66-7. Using data from Fig. 259, draw a starting charac- 
teristic for wound-rotor motor at constant voltage and frequency 
having as abscissas starting torque and as ordinates the corre- 
sponding currents taken by the stator at starting (zero speed). 
Then, from data of Fig. 254, obtain a similar curve showing rela- 
tion of current to torque, when starting at full voltage but with 
various values of rotor resistance. Compare the forms of these 
two curves. 

Prob. 69-7. In Fig. 259, assume that the controller, by means 
of which the amount of resistance in rotor circuits is adjusted, has 
only five running points corresponding to the speed-torque curves 
a, 6, c, d, e. The first point on the controller corresponds to curve 
e, this being the maximum resistance available after closing the 
rotor circuit. If the motor starts against a torque equal to rated- 
load torque represented by the vertical line T, draw a curve having 
speed as abscissas and current as ordinates. The motor is allowed 
to reach steady speed on each controller point before being advanced 
to the next point. 

Prob. 60-7. From the data of Fig. 258, calculate what must 
be the ratio between the total rotor circuit resistances corresponding 
to speed-torque curves 8, 7, 6, 5, 4, 3, 2, 1, respectively. 

Prob. 61-7. If the curve A in Fig. 258 represents the speed- 
torque relation with the rotor terminals short-circuited (that is, 
only the inherent resistance of rotor windings being present in rotor 
circuit), calculate the ratio between resistances external and in- 
ternal to the rotor, corresponding to speed-torque curves 8, 7, 6, 5, 
4, 3, 2, 1, respectively, in Fig. 258. 
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Prob. 62 - 7 . From the data of Fig*. 258 calculate the starting 
torque in "terms of synchronous watts, corresponding to each of the 
eight controller points, and also to the u inherent speed-torque 
characteristic ” with rotor short-circuited. 

102. Effect of Air Gap on Operating Characteristics. 

Changing the length of air-gap in an induction motor, other 
things being equal, affects all the operating characteristics 
of the motor, but principally the relation of current, power- 
factor and efficiency to the torque or the horse-power out- 
put. With constant voltage and frequency impressed upon 
the stator, the counter e.m.f. and the amount of flux must 
remain approximately constant; therefore, the core losses 
(watts) and the core-loss component of the exciting current 
must both be nearly constant for variations of air-gap length 
as well as for variations of load. 

However, if we double the length of air gap we very nearly 
double the total reluctance of each magnetic circuit in the 
motor, because most of the reluctance in the magnetic cir- 
cuits is due to the air gap. To produce the same flux against 
a doubled reluctance requires that the magnetizing ampere- 
turns be doubled; that is, the magnetizing component of 
the exciting current must be doubled. Suppose that origi- 
nally the exciting current was 3 amperes at 20 per cent power- 
factor. Its core-loss component was therefore 0. 2 X 3 = 
0.6 ampere, and its magnetizing component was V 3 2 — 0.6 2 
= 2.94 amperes. If now we double the air gap, the core- 
loss component remains approximately 0.6 ampere while the 
magnetizing component increases to approximately 2 X 
2.94 = 5.88 ampere s, consequently the exciting current is 
now V5.88 2 -f- 0.6 2 = 5.91 amperes. The zero-load current 

5 91 — 3 

is therefore increased by — 1 — g or 97 per cent, and the 

0 6 

power-factor at zero load is reduced froni 0.20 to or 0.102. 

The magnitude of the effect of changes in length of air 
gap upon the current, power-factor and* efficiency at loads 
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greater than zero will depend upon the design of the motor — 
for instance, upon the relation of exciting current and power- 
factor at zero load to total current and power-factor at rated 
full load, with normal air gap. In general, the current 
input corresponding to any given percentage of rated load 
will be increased, the power-factor will be reduced, the effi- 



Fig. 260. The effect of changing the, air gap of a polyphase 
induction motor. 


Curve A y — standard gap. 

Curve By — double standard gap. 

Curve Cy — three times standard gap. 

Curve Dy — four times standard gap. 

Fitzgerald in Proc. N.E.L.A. 

ciency will be lowered; the speed and the pull-out torque will 
be affected to the least extent although both will be reduced. 
For illustration, Fig. 260 exhibits the relation of power- 
factor to load, corresponding to several different lengths of 
air gap for the same motor; the air gaps represented here 
are in the ratio 1 : 2 : 3 : 4 = A : B : C : D. 
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There are practical aspects of great importance in this 
matter of air gap. If in an effort to raise the power-factor 
and efficiency, or lower the current, the air gap be decreased 
too far, then a comparatively slight amount of wear in the 
bearings will cause the rotor to rub, and therefore adjust- 
ments and repairs become necessary more frequently. 
Typical values of air gap are from 0.02 to 0.05 inch in motors 
of about 5 to 30 horse power, and 750 to 1200 r.p.m. Though 
small, these are sufficient for all ordinary uses; for very rough 
use, in steel mills for instance, gaps as high as 0.10 inch may 
be employed if, as usual in such cases, the purchaser con- 
siders continuity of service to be very much more important 
than power-factor or efficiency. In any case, it is important 
that trouble from rubbing of the rotor be remedied by ad- 
justing or changing the bearings and never by turning down 
the rotor to a smaller diameter, because the latter method 
brings on all the bad effects of increased air gap. 

103. Effect of Wrong Voltage or Frequency on Operat- 
ing Characteristics. If the voltage impressed on the stator 
be reduced for any cause, while the frequency remains un- 
changed, the torque corresponding to any given percentage 
slip will be reduced in proportion to the square of the voltage. 
The reason for this has already been explained in relation to 
the starting of the induction motor. (See Art. 97 and 98, 
and Fig. 255.) Thus, a motor which gives full-load torque 
at 5 per cent slip with rated voltage applied to the stator, 
will give ($) 2 == } times full-load torque at the same slip 
or speed, if the voltage be reduced one-half. 

It follows that, if the resisting torque remains constant 
while the impressed voltage is reduced to half, the slip must 
be increased and the speed correspondingly reduced. In fact, 
in this case the slip would be increased four-fold when the 
voltage is halved; the four-fold slip with halved flux would 
induce double e.m.f. in rotor, which (neglecting rotor react- 
ance) would produce doubled rotor current, and this doubled 
rotor current with halved stator flux would produce the same 
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torque as formerly. The effect of doubled rotor reactance 
upon rotor current and upon the position of rotor poles 
relative to stator poles will be such as to cause an even 
greater increase of slip than that deduced above. 

Any reduction of frequency affects the synchronous speed 
of a given motor in direct and exact proportion. If the 
voltage meanwhile is maintained constant as by a voltage 
regulator, the amount of flux is increased in inverse propor- 
tion to the frequency. (See Art. 37.) This would not only 
increase the core losses and the operating temperature of 
the motor corresponding to a given load, as well as lower the 
efficiency, but would reduce the speed while also reducing 
the per cent slip. Supposing that we halve the frequency 
with constant voltage, we may reason as follows: 

First. Half frequency at same voltage means double flux. 

Second. Double flux with same torque means half rotor 
currents (neglecting change of relative position of rotor and 
stator poles due to change of frequency and power-factor in 
rotor). 

Third . Half rotor currents mean half rotor induced e.m.f. 
(neglecting change of rotor frequency and reactance due to 
slip). 

Fourth. Half rotor e.m.f., with double flux, means that 
the slip in terms of actual rev. per min. must be only one- 
quarter as large as originally. 

Fifth. One-quarter as many r.p.m. of slip, with one-half 
as many r.p.m. of stator flux, means that the per cent slip 
is only one-half as great as originally. 

As* the frequency of rotor e.m.f . ’a is decreased, we may 
reason that the effect of rotor reactance will be to cause the 
reduction in per cent slip to be slightly greater than that 
deduced above. Since the slip is usually relatively small at 
rated load and frequency, we may say that the actual rotor 
speed is reduced to a value slightly more than half its former 
value when the frequency is reduced to half. Such a large 
change of frequency is not likely to occur in any motor un- 
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less, for instance, we happen to attach a 60-cycle motor to a 
25-cycle circuit having the same voltage for which the motor 
is r^ted; in that case the excessive core losses and exciting 
current would soon burn out the motor, so that this is not to 
be considered as an operating condition. 

By reasoning similar to the example explained above, we 
may arrive at the conclusion that if the voltage is raised or 
lowered in proportion as the frequency varies* the per cent 
slip corresponding to a given torque remains unchanged; 
that is, with constant torque we get exactly half speed corre- 
sponding to half frequency, or we get 0.9 of the original speed 
if we reduce both the frequency and voltage to 0.9 of their 
original values. There is not much difference between the 
results of the two sets of assumptions; roughly, the speed of 
a given induction motor is directly proportional to the fre- 
quency. 

It may also be shown that if an induction motor must 
operate on frequency other than standard, the performance 
will be better if the voltage is changed in proportion to the 
square root of the frequency. Thus, a 440-volt 60-cycle 
motor operating on 50 cycles will have very nearly its normal 
ope ratin g characteristics if the voltage is reduced to 440 X 
V50/60 or 402 volts. 

Prob. 63-7. From the “inherent speed-torque characteristic” 
of Fig. 258, draw accurately to scale a curve having as abscissas 
torque (pound-feet) and as ordinates slip (r.p.m.). From this, 
calculate another slip-torque curve corresponding to an impressed 
voltage 60 per cent of rated voltage. Finally, draw the inherent 
speed-torque curve for 60 per cent of rated voltage. 

Prob. 64-7. Repeat the work of Prob. 63 on the basis of the 
curve 8 of Fig. 258, thus showing the speed-torque relation for the 
same motor when operated on last step of controller with 60 per 
cent of rated voltage impressed upon the stator. 

Prob. 66-7. (a) A 440-volt 60-cycle induction motor is to be 

operated from 25-cycle mains. What voltage should be "impressed 
upon its stator? (b) What percentage of normal flux density will 
be obtained under the altered conditions? 
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104. Speed Control of Polyphase Induction Motor. Any 
desired speed between zero and synchronous speed may be 
obtained by adjusting the amount of resistance in the second- 
ary or rotor circuits. This method of speed control is fully 
covered in Art. 101. The method is objectionable in the 
following respects 

First. After the speed has been adjusted to a given value 
at a given load, any change of load will be accompanied by 
a considerable variation of speed. That is, the speed regu- 
lation of the motor will be poor; the further from synchro- 
nism the speed is adjusted by means of rotor resistance, the 
worse will be the speed regulation, naturally. 

Second. The efficiency is lowered when the rotor resist- 
ance is increased to control the speed. (This relation is also 
covered in Art. 101.) 

This method of control is therefore not suitable for ser- 
vice requiring several constant speeds with varying torque, 
such as the driving of machine tools. It is, however, very 
useful where constant speeds are not essential, as in operating 
cranes, hoists, elevators and dredges, and also for service where 
the torque remains constant at each speed, as in driving 
fans, blowers and centrifugal pumps. 

Various speeds may also be obtained with any given torque, 
by changing the voltage applied to the stator terminals (by 
inserting resistance between the supply lines and the stator 
terminals, which has the same disadvantages as the method 
of secondary resistances and is not as effective; or by chang- 
ing from one -tap to another on an autotransformer). In 
Art. 103 it is explained how variations of voltage at constant 
frequency cause variations of speed. This method is not in 
commercial use, however, on account of low power-factor, 
low efficiency, and poor speed regulation obtained when the 
speed is controlled over an appreciable range in this manner. 

Sometimes the stator winding is arranged so that when the 
connections are changed by means of a special switch, the 
number of poles is changed. Thus, if the number of poles- 
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on a 60-cycle stator is changed from 6 to 4, the synchronous 
speed is changed correspondingly from 12Q0 r.p.m. to 1800 
r.p.m. Although the operating characteristics are main- 
tained excellently at the changed speed, it is impracticable 
to have many changes of speed in the same motor, and the 
scheme does not meet favor on account of its complications. 

Next to the method of varying secondary resistance, the 
most practicable and useful method is the connection of in- 
duction motors “in cascade, " or in “concatenation." The 
theory of this method has already been hinted at in Prob. 19 
of this chapter. The system requires two motors, and they 
must be rigidly coupled together by gearing or belting or 
by being mounted on the same shaft. Furthermore, at 
least one of the motors must have a wound rotor with slip- 
rings for connecting it to an external circuit. The stator of 
motor No. 1 is connected to the line, and the terminals of 
its wound rotor are connected to the stator of motor No. 2. 
Motor No. 2 may have either a squirrel-cage rotor or a 
wound rotor; in the latter case rotor resistances may be 
used to obtain intermediate speeds between the otherwise 
abrupt steps obtainable simply by the cascade connection. 

With concatenated motors as described above, the speed 
at which the shaft will turn for a given frequency and volt- 
age impressed upon the stator of motor No. 1 may have 
various values depending upon: 

(а) The number of poles in each motor. 

(б) The polarity of connections between rotor of motor 

No. 1 and stator of motor No. 2. 

(c) The amount of resistance in the rotor circuit of motor 
No. 2, if it is of the wound-rotor type. 

As the internal action of concatenated motors is especially 
instructive, it is explained in some detail in a separate article 
following. 

It is apparent from the above discussion of methods for 
controlling the speed of polyphase induction motors, that 
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they are all rather unsatisfactory in one way or another. 
In fact, it appears that the induction motor is inherently 
what may be called a “ constant-speed motor” — not in an 
absolute sense like the synchronous motor, but in comparison 
with such flexible adjustable-speed types as may be had 
among the direct-current motors. 

105. Induction Motors in Cascade. The connection 
variously known as the cascade, or chain, or tandem con- 
nection, or concatenation of polyphase induction motors, is 
described briefly in the preceding article as one of the methods 
available for controlling the speed of such motors. We shall 
examine now the internal actions by which motors so con- 
nected adjust themselves. 

Consider first two motors exactly alike, with the rotor of 
the second one short-circuited or replaced by a squirrel-cage 
rotor. Being directly coupled together, they must turn at 
the same speed. If the stator of No. 2 is connected to the 
rotor terminals of No. 1 in such sequence that both motors 
tend to rotate in the same direction, then the synchronous 
speed of the couple will be just one-half of the speed at 
which each motor would operate if both stators were con- 
nected directly to the supply line in parallel while both 
rotors were short-circuited. This is in fact the manner in 
which we get two speeds from the couple, the tandem con- 
nection giving us one-half the speed which we get from the 
parallel connection. 

Analyzing the general case, let: 

Pi/= number of pairs of poles on motor No. 1. 

p 2 = number of pairs of poles on motor No. 2. 

fo = number of cycles per second, frequency of supply 
mains. 

n = number of rev. per sec., speed of shaft. 

Then 

— = synchronous speed of motor No. 1, rev. per sec. 
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slip of motor No. 1, in rev. per sec. 

= frequency of rotor e.m.f.’s in motor No. 1 =* 



frequency of stator e.m.f.’s impressed on 
motor No. 2. 

= synchronous speed of motor No. 2, in rev. 
per sec. 


Now, if motor No. 2 is connected to motor No. 1 in such 
manner that both tend to start in the same direction (direct 
concatenation), we have 

(--njxpi 

synchronous speed of motor No. 2 — n 

V 2 

rev. per sec. 

This is because the motors are rigidly coupled together; 
motor No. 2 with its rotor short-circuited must operate at 
or near its synchronous speed, and this must be the same as 
the speed of motor No. 1. Simplifying this equation, we 
have 

(1) fo - npi = npi, or ra(pi + p 2 ) =/<>, orn = ( Pl _|! pi ) ' 


But suppose that motor No. 2 is connected to motor No. 1 
in such manner that they tend to start in opposite directions 
(differential concatenation); we have then 

— n ) x Pi 

— synchronous speed of motor No. 2 = —n 

Pz 

rev. per sec. 


Simplifying this equation, we have 

(2) fo — np! = —npt, or n (p l - p,) =/ 0 , or n = ( pi — ^j ‘ 
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By using two motors with different numbers of poles, we 
can get four different speeds. Thus, suppose that motor 
No. 1 has 6 poles and motor No. 2 has 4 poles. Then p» = 3 
and p* = 2. When supplied from a 60-cycle circuit: 

(а) With motor No. 1 running singly, stator directly to line 

f 60 

and rotor short-circuited, speed = -“■ = -«* = 20 rev . per sec. 

Pi o 

f 60 

(б) With motor No. 2 running singly, speed = “ = -«- = 

Pa " 

30 rev. per sec. 

(c) With motors No. 1 and No. 2 in direct concatenation, 

, /o 60 

speed = — + — — o r 6 = 12 rev. P er sec. 

Pi~r Pi o + 2 

(d) With motors No. 1 and No. 2 in differential concate- 
nation, 

, /o 60 nr\ 

speed = — = - s = 60 rev. per sec. 

Pi — Vi 3 — 2 

We are thus able to get speeds of 12, 20, 30 and 60 rev. per 
sec., which is two speeds more than we could get from these 
motors without the aid of cascade connection. 

Prob. 66-7. Two induction motors which are being operated 
in direct concatenation are exactly alike in all respects except that 
the rotor of No. 2 is short-circuited. The rated voltage and fre- 
quency of each motor is such that the two may be operated in 
parallel directly from the supply line. If the flux density and the 
rotor and stator currents may not be permitted to exceed the 
values obtained under this condition, what is the maximum total 
powca that may be obtained from the pair when operated in direct 
concatenation, expressed as percentage of the total power when 
operated in parallel? 

Prob. 67—7# What speeds are obtainable by concatenated ar- 
rangements of two 60-cycle motors, one having 8 poles and the 
other 4 poles? 

Prob. 68—7. What speed would be obtained by direct concatena- 
tion of three 60-cycle motors, having 8, 6 and 4 poles, respectively? 
The rotor of the last motor is short-circuited. 
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Prob. 69-7. What would be the result if the 4-pole motor of 
Prob. 68 were connected in differential concatenation to the first 
two motors, which are connected in direct concatenation? 

106. Induction Motor as Asynchronous Generator. 
The Induction Generator. When opposition is offered to 
the rotation of an induction motor, it takes electrical power 
into its stator from the line wires, it generates mechanical 
power in its rotor, and it turns at a speed somewhat less than 
the synchronous speed. As we decrease the torque resisting 
rotation and thereby the mechanical power generated, the 
slip decreases and the speed approaches synchronous speed, 
while the current and power taken by the stator decrease. If 
we remove entirely the resisting torque and permit the motor 
to turn freely, it takes from the line only an exciting current 
(of relatively small value and low power-factor) and a small 
amount of power to overcome fixed losses in iron and friction. 

Now suppose we couple this machine to an engine which 
drives it at exactly synchronous speed. The stator con- 
tinues to take from the line an exciting current and just 
enough power to overcome the iron losses, while the engine 
supplies the friction losses. If we speed the engine up 
slightly above synchronism (negative or reversed slip), the 
direction of rotor e.m.f. and current is reversed, which causes 
the stator to carry a load component of current, in direction 
opposite to that which it takes when the machine turns as 
motor at less than synchronous speed. That is, when the 
machine is forced to turn at more than synchronous speed, it 
delivers electrical power (or carries a component of current 
180° out of phase with the e.irt.f.) into the line, and ^absorbs 
an equivalent additional amount of mechanical power from 
the engine. While it continues to take from the line an ex- 
citing current, or more exactly a magnetizing current to 
maintain the flux, the power-factor of the total line current 
is distinctly raised by the comparatively large power com- 
ponent representing electrical power delivered or mechanical 
power transformed. 
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When an induction motor is driven thus by a prime mover 
above synchronous speed and thereby delivers electrical 
power from its stator into the line, it is called an “induction 
generator, ” or an “asynchronous generator." The amount 
of electrical power delivered is approximately proportional 
to the slip (which is negative, the speed being above synchro- 
nism), just as in the case of induction motor action where 
the slip is approximately directly proportional to the mechan- 
ical power developed. In fact, the variation of line current, 
line kilowatts, power-factor and efficiency of an induction 
generator with respect to (negative) slip or (negative) 
torque are almost exactly like the corresponding curves for 
the same machine with respect to (positive) slip or (positive) 
torque when it acts as a motor. 

The induction generator cannot operate unless connected 
to a circuit which is capable of supplying a suitable amount 
of reactive volt-amperes to excite the iron cores, or produce 
the flux which assists to generate the e.m.f. and the power; 
in other words, the machine is not self-exciting. If it drives 
a synchronous motor, the latter may furnish the necessary 
reactive volt-amperes for excitation of the induction gen- 
erator, while the latter gives out the kilowatts of effective 
power to drive the synchronous motor. Likewise an in- 
duction generator may drive a synchronous converter. If 
the prime mover which drives the induction generator has a 
governor to keep its speed constant, the negative slip that is 
necessary to enable it to deliver electrical power can be ob- 
tained only by a decrease in the frequency of the line which 
supplier the exciting volt-amperes and absorbs the elec- 
trical power generated. 

If the excitation is furnished by synchronous m otors or 
synchronous converters, the reduction of their speed, which 
naturally occurs when they are loaded, may cause the 
necessary amount of negative slip. But if the governed in- 
duction generator is driven in parallel with synchronous gen- 
erators the prime movers of which are also governed, then the 
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latter must be designed for a speed regulation somewhat 
larger or poorer than that of the prime mover driving the 
induction generator, in order that the induction generator 
may take its share of the load. 

The most common use of induction generators is as an 
auxiliary to synchronous generators in large power houses. 
Thus, the synchronous a-c. generator is driven by a reciprocat- 
ing steam engine; the exhaust steam from this engine, at or 
about atmospheric pressure, is fed to a steam turbine which 
drives an induction generator. The stator of the latter is 
connected directly to the terminals of the synchronous 
generator. There is no governor on the exhaust-steam 
turbine which receives all the steam that the reciprocating 
engine delivers; notwithstanding this, the turbine cannot 
race because it must deliver electrical power in proportion 
to any excess of its speed above the synchronous speed (of 
the main generator, which is governed) , and this would lighten 
the load on the reciprocating engine, whereupon the governor 
of the latter comes into action. 

The advantage of an induction generator in the central 
station is that when short-circuited its voltage drops and it 
stops generating, consequently cannot injure itself as can a 
synchronous generator (see Art. 17). it would not be advis- 
able to use induction generators for more than about half 
the generating capacity of a station, however, because the 
relatively large reactive component of exciting current re- 
quired would seriously reduce the power-factor and conse- 
quently the load capacity of the synchronous generators. 

The ability of the polyphase induction motor to return 
power to the polyphase supply line when driven above 
synchronous speed is very useful in what is known as “re- 
generative braking.” Thus, if a trolley car driven by such 
motors is allowed to roll freely down hill, its speed increases 
only until the motors are turning slightly above synchro- 
nism. Then the motors become induction generators, re- 
turning the stored “energy of position” of the car to the line 
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as electrical power. The motors cannot run much above 
synchronous speed before they develop a magnetic resisting 
torque equal to the force tending to speed the car down hill; 
hence the car moves safely at about its top speed, but does 
not much exceed top speed. Induction motors are em- 
ployed similarly to drive hoists; the load while being lowered 
remains connected to the motor, driving it as induction gen- 
erator and returning electrically to the line a large part of 
the energy previously required to lift the load. However, if 
the power supply fails the braking action is lost. 

107. Induction Motor as Frequency Changer. There; 
arc decided advantages in using a low frequency (as 2d cycl^^'j 
per sec.) for transmission of power, rather than a 
quency (as 60 cycles per sec.). Thus, the line drbp^^jfe; 
inductance of the transmission line, and the charging current ' 
due to capacitance of the line, are both reduced’ by loweriiig 
the frequency. While the operating characteristics* ot 90s; 
motors are improved by lower frequency, the size and cost * 
of the machines (including transformers) per horse power or 
per kv-a. is increased. Everything considered, it has seemed 
advisable to design and operate several large power systems 
at 25 cycles per second. For operation of lights, however, 
this frequency is distinctly unsatisfactory because it produces 
a flicker; consequently, pn such systems the lighting cir- 
cuits are connected to the transmission lines through a 
“frequency changer.” 

Such a frequency changer might consist of a synchronous 
motor coupled to an a-c. generator having a different num- 
ber of •poles. Prob. 5—6 in “First Course ” has made it 
apparent that there are distinct limitations to the design of 
such couples. Furthermore, Prob. 13, 14, 15, 16, 17 and 
18 in this chapter have served to indicate that the induction 
motor may be used as a frequency changer. For this pur- 
pose, the stator is connected to the supply liflie (low frequency) 
and the terminals of the wound rotor are connected to the 
distributing line (higher frequency) while the rotor is coupled 
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to a synchronous motor which turns it against the rotating 
stator flux. The synchronous motor takes power from the 
supply mains at the lower frequency. Thus, to deliver at 
60 cycles from the rotor when power is supplied at 25 cycles 
to the stator requires that the rotor be driven at a speed of 
60 25 

— <?= — or 1.4 times the synchronous speed of the rotor, 


and in a direction contrary to that in which the rotor would 
turn if operated as an induction motor with the same con- 
nections of stator to line. 

-v > Instructive to examine the distribution of power in 

. a' frequency changer. To drive the rotor against the 
j^fioSrfliix requires no torque (except that necessary to over- 
come friction and magnetic losses in the rotor) as long as the 
rotor carries no current. But as soon as the rotor delivers 
current to a receiving circuit, the (synchronous) driving 
fhotor must exert against the rotating flux a torque T (pound- 

feet) represented by a mechanical force of pounds tan- 
gential to the rotor at a radius of r feet. If we neglect the 
frictional and magnetic losses in the rotor, this force per- 
forms work at the rate of 2 irr foot-pounds per revolu- 
tion, or (2 irTrir) foot-pounds per sec., where n r represents 
the actual speed of the rotor, in rev. per sec. But the power 
required to make the stator flux turn against the resisting 
torque due to rotor currents, which is equal to the electrical 
power taken by the stator from the supply lines less the mag- 
netic and copper losses in the stator, is, also equal to the 
product of mechanical force exerted by stator flux upon the 
rotor times the speed of stator flux. That is, the (mechanical) 

power transferred from stator to rotor is equal to’ 2 vr(~^n 9 , 

where n, is the synchronous speed (of stator flux) in rev. per sec. 

Thus, the rotor receives (2 xTrir) foot-pounds per minute 
from the driving motor which turns it against the flux, and 
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it also receives ( 2irTn ») foot-pounds per minute from the 
stator by way of the rotating flux. The total mechanical 
power received by the rotor and transformed into electri- 
cal power is therefore equal to (2 irTrir + 2 wTn,) foot- 
pounds per minute; and if we neglect the copper losses in the 
rotor, this is also the amount of electrical power output from 
the rotor to the higher-frequency circuit. Therefore, if 
we neglect all losses in the frequency changer, we have the 
following relations: 

(a) Electrical power taken in by stator from low-frequency 
line equals 

2 irTn, n m 

nr 

2wTn r + 2 irTn 9 n r -f- n„ 

times the total electrical power generated in the rotor. 

(b) Mechanical power taken in by rotor from synchronous 
motor connected to low-frequency supply line equals 

2 7r T n r n r 

or 

2 icTn r + 27cTn a n r + n, 

times the total electrical power generated in the rotor. 

If we take account of the losses in the frequency changer, 
the electrical power taken by the stator will be larger than 
(a) by the amount of the iron losses and copper losses in the 
stator, while the electrical power output from the rotor will 
be less than the mechanical power input to rotor by the 
amount of the iron, friction and copper losses in the 
rotor. 

Prob. 70-7. If the rotor and stator of a frequency changer are 
both wound for 8 poles, how must the rotor be driven in order to 
transform from 25 cycles to 60 cycles per second? 

Prob. 71—7. Calculate what relation must exist between the 
number of poles for which the frequency changer is wound, and 
the number of poles on a synchronous motor intended to drive the 
frequency changer, in order to change from 25 to 60 cycles per 
second. 
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Prob. 72-7. A frequency changer of the induction type is used 
to obtain power at 60 cycles per second from a 50-cycle system. 
What per cent of the electrical power output demanded at 60 cycles 
must be put into the frequency changer as mechanical power, and 
what per cent of it must be supplied to the stator as electrical power 
from the 50-cycle line? Neglect all losses in the machine. Choose 
any convenient number of poles if necessary. 

Prob. 73-7. Calculate the driving speeds (rev. per min.) and 
the number of poles required on a synchronous driving motor 
supplied from the 50-cycle line, for various numbers of poles on the 
frequency changer of Prob. 72. 


108. Circle Diagram for Induction Motor. Having 
placed various loads upon any given polyphase induction 
motor, and having measured the value (7i) of current input 
to the stator and of power-factor (cos 0i) at each load, let 
us by means of the power-factor resolve the stator current 
into two components, namely the power component ( h cos 0j) 
and the reactive component (7i sin 0i) . From these data 
we may now lay out a vector representing each measured 
value of total primary current 7i, all with respect to a vector 
OV (Fig. 261) chosen to represent the e.in.f. of the line.* 
Thus, in Fig. 261, vector OE represents the exciting current 
taken by stator from line at zero load of motor, as Om rep- 
resents the magnetizing component (in quadrature with line 
voltage), Oc represents the core-loss component (in phase with 

line voltage) and represents the zero-load power-factor. 


Similarly, at some other load corresponding to Od (=7i) 
amperes input to the stator, the power component of I\ is 
Op amperes and the reactive component is Or amper&s, while 


the power-factor is 



* When the diagram refers to a polyphase motor, OV is the voltage 
between line wires, and the length of each current vector represents 
“equivalent single-phase amperes” (see First Course, page 204), i.e.‘, 
in a three-phase system, Vz times current per line wire, and in a two- 
phase system, twice the current per wire. 



498 alternatinq-current electricity 

When we have plotted a sufficient number of such current- 
vectors, we are enabled to discover that a curve drawn 
through the ends of the vectors approximates quite closely 
to the arc of a circle, the center of which lies on the line cE 



Fig. 261. The vectors represent the primary currents of an induction 
motor at various loads. A curve drawn through the ends of the 
vectors proves to be very nearly the arc of a circle. 


drawn through the end of the exciting-current vector and 
perpendicular to the line-voltage vector. Having located 
this circle or arc from observations of current and power- 
factor at a limited number of different loads, we may use it 
to predict the value and power-factor of stator current 
, corresponding to any number of other loads. This circular 
“locus” or path of the ends of the current vectors is not 
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peculiar to the induction motor but pertains also to the 
transformer, and in fact to any circuit having constant in- 
ductive reactance but variable resistance, upon which con- 
stant (harmonic) voltage is impressed. 

As the circle of Fig. 261 passes through the ends of all 
vectors representing the current taken by the motor when 
turning against various loads, with constant voltage applied, 
so also it passes through the end of the vector which repre- 
sents the current taken by the motor when the load becomes 
great enough to bring it to a standstill (with same voltage 
applied). Thus, in Fig. 262, the semicircle EFPTLZ passes 
not only through the end of the vector OE representing the 
exciting current taken by the motor at zero load (running 
freely) but also through the end of the vector OL represent- 
ing the current which the motor takes when its rotor is held 
stationary, both of these currents being measured while 
full rated voltage is applied to the stator and both vectors 
being drawn to the same scale. This fact, together with the 
knowledge that the center (O) of the circle lies on a line EZ 
drawn through E perpendicular to the vector ( [OV ) repre- 
senting line voltage, gives us a very simple method for 
drawing the circle, and thereby of determining the complete 
performance of the motor, from only two simple measurements. 

To obtain data for constructing the circle diagram, we 
connect the motor to a power supply suited to the rating of 
the motor (as to number of phases, frequency and voltage). 
Proper instruments are included in the connections, for 
measuring pressure, current and power (watts). We take 
one set of readings ( V , Jo, Wo) with motor running unloaded, 
and another set of readings (F, I L , W£) with rotor locked 
and stationary, the* pressure V being full rated voltage of 

motor in both cases. By means of the power-factor 

at zero load we resolve the exciting current J 0 into its two 

components or Jo X |^r, in phase with OV\ and 
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in quadrature with OV. From these com- 


ponents we draw the vector OE (Fig. 262) representing the 



exciting current. Similarly, from the locked-rotor readings, 
we draw the vector OL, representing 1l as to both value and 
phase relation to OV. Through E we draw a line ECZ 
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perpendicular to OV. Then we draw a straight line from E 
to L, and perpendicularly from its middle a line xO* inter- 
secting ECZ at O'. This point O' is the center of the semi- 
circle, which we draw as EFPTLZ. 

As the motor takes an excessive current which would soon 
damage the windings when full voltage is applied with locked 
rotor, it is usual to reduce the voltage while taking the locked- 
rotor readings, to such value that the motor takes say | of 
rated-load current. This requires, let us say, J of rated 
voltage. Now, with locked rotor the motor acts like a 
(very leaky) transformer whose secondary is short-circuited, 
and its resistance, reactance and impedance are constant 
quantities. Consequently, if full rated voltage had been 
applied, we reason that the value of II would have been 
} times the observed value, or (f X J = 5) times the rated- 
load current, and the power-factor of this current would 
have been equal to the value determined from the readings 
at lower voltage. That is, we locate the position of vector 
OL from the reduced- volt age readings, and then extend it 
straight outward to a length equal to 


/rated voltage of motor 
l V L 


X l i 


>)■ 


where Vl and II are respectively the voltage and the current 
measured with locked rotor.* 

So far the “ circle-diagram ” gives us only the amount of 
effective power (watts), of reactive volt-amperes, and of 
power-factor corresponding to any given value of amperes 
input. But by drawing a few additional lines we mdy ob- 
tain much more than this. To do this, we must measure 

* On account of the iron in the magnetic circuit, the locked-rotor 
impedance of the motor is not constant, neither is the ratio of reactance 
to resistance, or the power-factor, constant for all values of locked-rotor 
current. It is better, therefore, to measure the locked-rotor current for 
a number of voltages, draw a curve, extend it fairly, and read from the 
extended part -of the curve the probable value of locked-rotor current 
corresponding to full rated voltage. 
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carefully the resistance of the primary (stator); this should 
be measured at or near the normal operating temperature, 
or the measured value should be corrected to operating 
temperature by calculation.* 

We now compute the total copper loss (I 1 R 1 ) in the pri- 
mary or stator of the motor corresponding to some particular 
value of current input. It may be shown (see Prob. 74-7) 
that the tota] copper loss in any three-phase winding is equal 
to (i I 2 R)j where I is the current per line wire and R is the 
(average) resistance between any two line wires, regardless 
of whether the winding is connected in Y or in A. It is 
perhaps most convenient to base this computation upon the 
locked-rotor current OL (Fig. 262) which was obtained 
directly by or from measurement. Dividing this computed 
value of stator copper loss (at full rated voltage, with locked 
rotor) by the rated voltage V, we obtain that part of the 
power component of locked-rotor current which supplies 
stator copper losses. To the same scale employed for all 
currents in the circle diagram, we lay off this component 
as CR in Fig. 262. Then we draw a straight line through 
E and R . 

As it now stands, Fig. 262 enables us (without further 
testing and without loading the motor or demanding power 
or consuming energy) to determine all operating character- 
istics of practical importance. Thus, mE or nr or SC is the 
working or power component of exciting current in amperes; 
if we multiply it by rated voltage we obtain the no-load 
losses (practically, total fixed losses, or stator core losses plus 
friction losses) in watts. Multiplying CR by rated volts 
gives us stator copper loss with locked rotor. Multiplying 
RL by rated volts gives us rotor copper loss with locked 

* If the resistance of a conductor is R\ ohms when measured at 
temperature h (degrees Centigrade), then the resistance' of the same 
conductor at temperature t 2 (deg. Cent.) will be 

» » w 1 1 +0.00427 t t \ 

R* « Ri X ^ + 0.00427 ti) ohmS ’ 
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rotor. The total watts input with locked rotor is equal to 
( SC + CR + RL) times rated volts, because there can be 
no output when the motor is standing still regardless of the 
amount of torque produced. 

Now let us choose any other point, as P, of the circle dia- 
gram (Fig. 262 ). A perpendicular dropped from P to OS 
makes intersections at u, t, n and r with various construc- 
tion lines, as shown. All distances on Pr represent portions 
of the working component of current input which, when 
measured on the chosen scale of amperes and multiplied by 
the rated volts, give corresponding parts of the total wattage 
input to the motor. Thus: 


Pr (amperes) X rated volts (OF) == total watts input to 


m (amperes) X rated volts 

nt (amperes) X rated volts 

tu (amperes) X rated volts 
ru (amperes) X rated volts 

uP (amperes) X rated volts 


motor; 

= no-load losses or con- 
stant losses; 

= watts lost in stator 
copper; 

= watts lost in rotor;* 

= total watts lost in 
motor; 

= total watts input — 
total watts lost; 

= mechanical output of 
power expressed in 
watts. 


Also: 

Efficiency of motor 

Power-factor of motor 

qr * secondary copper loss 
lpa * secondary input 

Per cent slip 


watts output = uPxOV 
watts input PrxOV 
Pr _ Op 
OP “OP 

tu x OF 

C Pu X OF) + (i tu X OF) 
tu 

X 100 per cent. 


uP 

Pr 


tu 

Pt 
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_ mechanical power output 

Torque rotor speed 

— P QWer transferred from stator 
~~~ synchronous speed. 

From the definition given in Art. 101 for “synchronous 
watts,” we can see that the torque of the induction motor, 
expressed in synchronous watts, is equal to the watts out- 
put from primary (stator) or input to secondary (rotor), and 
is equal to Pt (amperes) times OV (line volts). That is: 

Pt (amperes) X OV (volts) 


Torque (in pound-feet) = 


= torque of motor, in synchronous 
watts. 

synchronous watts 


synchronous speed (r.p.m.) X 0.142 
7.04 X Pt (amperes) X OF (volt s) 
synchronous speed (r.p.m.) 


Thus, we may select any number of points like P on the 
circle of Fig. 262, and determine from each point a set of 
simultaneous values of amperes and watts input, power- 
factor, watts or horse-power output, slip and speed, torque 
and efficiency. From these derived data we may draw char- 
acteristic curves in any form that may be desired. Further- 
more, it is quite convenient to determine directly from Fig. 
262 the maximum values of power-factor, power input, 
power output or torque, without recourse to the character- 
istic curves. Thus, if we draw a line through O and tangent 
to the semicircle, the point of tangency F indicates the load 
at which the power-factor of the motor reaches its highest 
value. Similarly, the maximum power output is obtained 
at P , where a line (yz) parallel to the output line (EL) is 
also tangent to the semicircle. The maximum torque is 
obtained at T, the point where a line drawn parallel to ER 
becomes also tangent to the semicircle. The maximum power 
input is obtained at W, the point where a line drawn parallel 
to OS or EO' becomes also tangent to the semicircle. 
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Prob. 74-7. Prove that the total copper loss in a three-phase 
winding is } I 2 R, where / is the current per line wire and R is the 
resistance between line wires, regardless of whether the phases are 
connected in A or in Y. 

Prob. 75-7. The following measurements were made on a 
50-horse power, three-phase, 440-volt, 25-cyclc, 6-pole induction 
motor: 

(а) Running free at no-load: Volts between terminals, 440; 
amperes per terminal, 16; total kilowatts input, 1.14. 

(б) With locked rotor (estimated from measurements at reduced 
voltage): Volts, 440; amperes per terminal, 436; total kilowatts 
input, 173. 

* (c) Resistance between any two terminals of stator, at 60° C., 

is 0.1118 ohms. 

Draw the circle diagram (like Fig. 262) for this motor, using 
equivalent single-phase amperes for all current vectors, and as large 
a scale as possible. 

Prob. 76-7. From the diagram of Prob. 75, calculate the max- 
imum values of: 

(а) Per cent power-factor. 

(б) Horse-power output. 

(c) Pound-feet torque. 

(d) Watts input. 

Prob. 77-7. From the diagram of Prob. 75, make measurements 
and calculations from which to draw a set of characteristic curves 
for this induction motor, having as abscissa the torque (pound-feet) 
and as ordinates the following: 

(a) Amperes per line wire. 

(b) Kilowatts input. 

(c) Horse-power output. 

{d) Per cent slip. 

(e) Revolutions per minute, rotor speed. 

(/) Per cent power- factor. 

(g) Per cent efficiency. 

Prob. 78-7. From the diagram of Prob. 75, find the point at 
which the sum of variable losses is equal to the sum of constant 
losses, and determine therefrom: 

(а) The horse-power output at which the efficiency is maximum. 

(б) The torque (in pound-feet) corresponding. 

(c) The percentage value of this maximum efficiency. 

Compare these results with corresponding values from curves 
of Prob. 77. 
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109. Single-phase Induction Motor. After a polyphase 
induction motor has been started and run up to full speed, 
it will continue to run even after we have disconnected all 
phases but one (for instance, after we have opened up one of 
three line wires supplying a three-phase motor). Under these 
conditions the motor usually makes a loud humming noise, 
operates at considerably lower power-factor and efficiency 

than when running poly- 
phase, and has poorer 
speed regulation and less 
pull-out torque. The mo-* 
tor exerts no starting 
torque when supplied with 
single-phase power only, 
but if started turning in 
either direction with suffi- 
cient impulse from some 
auxiliary device (or even 
by hand, in case of a small 
motor) it will speed up to 
synchronism if there is no 
load upon the motor. 

It is instructive and use- 
ful to inquire briefly into 
the causes for these differ- 
ences between the poly- 
phase and the single-phase 
induction motor. Fig. 263 
is a conventional diagram of a two-pole single-phase induction 
motor. N\ and Si represent the poles of the stator, the flux 
from Ni across to Si varying harmonically with time. The 
small circles around the rotor (large circle) represent sections 
of the rotor conductors (bars, in a squirrel-cage rotor). As 
indicated by the dotted lines, corresponding rotor conductors, 
connected through the end-rings, may be considered to form 
coils. The alternating stator flux from Ni to Si, linking with 



Fill. 263. Conventional diagram of a 
single-phase induction motor. The 
poles Na and 8* on the stationary 
rotor are produced by the rotor cur- 
rents induced therein by the trans- 
former action of the flux due to the 
stator poles N i and Si. 
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’ these coils as indicated in Fig. 263, induces in each coil or in- 
ddctor an e.m.f. as in the secondary of a transformer. These 
e.m.f. *s are such as to cause rotor currents which produce 
poles on the rotor at N 2 S 2 , in direct line with the stator 
poles NiSi. There can be no torque between NyS t and 
NvS i, regardless of how strong may be the stator flux or the 
rotor currents, because of their disadvantageous relative 
positions. 

Now, suppose we start turning the rotor in say a clockwise 
direction, as indicated in Fig. 264. An alternating e.m.f will 



Fig. 264. Diagram of a single-phase induction motor showing poles 
N Z and on the moving rotor produced by the rotor currents induced 
therein by the movement of the rotor through the flux of the stator 
poles Ni and Si. 

be produced in each conductor, which is moving through 
flux, the amount of this e.m.f. at any instant being directly 
proportional to the speed of rotation and to the amount of 
flux from Ni. to Si at that instant. According to Lens’ 
law, the direction of these induced e.m.f.’s and currents is 
such as to produce poles on the rotor, as shown at Ni and 
Si midway between stator poles, opposing the motion which 
produces them. As the stator core completely surrounds 
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the rotor, these rotor poles N yS' 2 induce corresponding 
opposite poles on the surface of the stator, at right angled to 
the main poles N^Si. 

The “speed e.m.f.” which produces the poles Ni&i (Fig. 
264) reaches its maximum value at the same instant as the 
main field N 1 S 1 . The “speed currents” in the rotor con- 
ductors lag nearly one-quarter period behind the corre- 
sponding speed e.m.f.’s, because the rotor circuits are highly 
inductive. Thus the speed flux (N 2 S 2 ) f which is in phase 
with the speed currents in the rotor, lags one-quarter period 
behind the main flux (N 1 S 1 ). As these two fields are also 
at right angles to each other in space, the total or resultant 
flux will rotate in space (see Art. 95 and Fig. 245-247). 

When the rotor is turning slowly, the speed e.m.f.’s, 
speed currents and speed field are all relatively weak, so 
that the resultant field has much greater strength when it 
passes through the region NiS x than when it passes through 
the region N' 2 S' 2 . It is then said to be an “elliptical field” 
because a polar curve representing its strength in different 
directions, or at different instants of time, would have ap- 
proximately the form of an ellipse. When the rotor turns 
at synchronous speed, the speed field becomes nearly as strong 
as the main field (NiSi, sometimes called the “transformer 
field”) ; the resultant or total field is then of nearly constant 
strength, and is called a “circular field.” As the rotor slows 
down the circle representing the resultant field becomes an 
ellipse, which becomes flatter until at standstill it is reduced 
to a straight line — that is, the resultant field is stationary 
but alternating. 

The rotation of the resultant flux, due to motion of the 
rotor, produces torque and drags the rotor in the manner of 
a polyphase motor. As the rotor approaches synchronous 
speed, the single-phase motor behaves more nearly like a 
polyphase motor. At any given value of slip the rotating 
elliptical field will have a minimum strength which is less than 
the constant strength of the circular field in a corresponding 
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polyphase motor with the same slip. Therefore we see that 
the torque corresponding to any given, slip, and the pull-out 
torque, are less for the single-phase motor than for the poly- 



Fici. 265. Speed, efficiency and power-factor characteristics of a Wagner 
7\ H.P. single-phase motor. Wagner Electric M/g. Co. 

phase motor. However, the operating characteristics show 
a general similarity to those of a polyphase motor, as may 
be seen from Fig. 2G5. From “Standard Handbook for 
Electrical Engineers” we quote as follows: 

“When a three-phase motor is operated single-phase with the 
same voltage between lines, its maximum output will be approx- 
imately 40 per cent of the three-phase maximum output. For 
best conditions, such as best distribution of losses and ratio of rated 
to maximum output, it is customary in using a three-phase motor 
single-phase to reduce the rated output of the motor by 25 to 33 per 
cent and to increase the rated terminal voltage by about 30 per cent.” 

In general it may be said that a motor of given size, weight 
and cost can carry less load when operating single-phase; 
or, conversely, that single-phase motors weigh more, occupy 
more space, and cost more, per horse power of rated capacity, 
than polyphase motors. A good general understanding of 
this may be had by considering the nature of the total power 
supplied to the motor. The power in a single-phase circuit 
varies from instant to instant (see Art. 35, 36, 37 in “First 
Course”). When the power-factor is less than unity, as is 
usual in a motor, the power has actually negative values 
during some parts of each period. 
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This means that a single-phase motor, working against' a 
uniform resisting torque or load, must be able to store the ex- 
cess energy when the instantaneous power is greater than the 
average; in order to sustain' the load when the instantaneous 
power is less than the average. When the power-factor is 
less than unity, its storage capacity must be still greater, 
because it must return energy to the supply circuit, as well 
as carry the load, while the instantaneous power is negative. 
To furnish this storage capacity more iron and other 
materials must go into the construction of the motor, 
than would be necessary if (as in any balanced polyphase 
circuit) the total power is unvarying, or does not change 
from instant to instant. 

110. Method of Starling Single-Phase Induction Motors. 

Notwithstanding the advantage of the polyphase motor 

over the single-phase 
motor in point of cost, 
size, overload capac- 
ity, efficiency, power- 
factor and starting 
torque, it is frequently 
necessary to install 
small motors (frac- 
tional horse power and 
up to 10 h.p.) so far 
from the polyphase 
power supply that it 



Fig. 266 . Single-phase induction motor 
with split-phase starting coil fed through 
a condenser. 


does not pay to run three wires to the motor when two wires 
will suffice. Thus, a-c. induction motors for driving such loads 
as fans, sewing machines and washing machines must usually 
be supplied from lighting circuits, which are invariably single- 
phase. To be useful even for such purposes, the single-phase 
motor must be made self-starting, and a number .of auxiliary 
devices are used for this purpose. 

First: Starting by hand. It is shown in. Art. 109 that a 
small single-phase motor may be given a sufficient im- 
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pulse by hand in either direction to make it come up to full 
speed. ' 

Second: Split-phase starting. As indicated in Fig. 266 and 
267, auxiliary coils F% are wound on the stator between the 


main field coils F%. 
The main coils are 
connected directly 
across the line, while 
the auxiliary coils are 
in series with a con- 
denser C (Fig. 266) 
or a nearly pure in- 
ductance I (Fig. 267) 
through a switch S 
which is closed only 



Fig. 267. Single-phase induction motor 
with a split-phase starting coil fed through 
an inductance. 


while starting. The 

effect of C or 7 is to throw the current and flux in the 


starting coil (F 2 ) out of phase with the main field, thereby 



Fig. 268. Single-phase induction motor with a split-phase starting, 
arrangement. 


causing the resultant field to rotate and a * torque to be 
produced. . Fig. 268 shows a phase-splitting arrangement 
for starting and running a three-phase motor from a single- 
phase circuit; the switch S is to be opened after the motor 
gets up to full speed. * 
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Third: Shading-coil for starting. In Fig. 269, a short- 
circuited coil of copper wire, or a solid ring of copper (c), 
has been placed around one-half of each main pole {Ni, Si, 
N' lf S[). When the flux is changing, there is induced in 



Fia. 269. Single-phase induction motor with shading-coils in the 
poles in order to produce a starting torque. 

each of these coils (c) a current which opposes the change. 
Consequently, the variations of flux in the leading tip of 
each pole will lead the variations of flux in the trailing pole- 
tip. The effect of this is to cause a flux wave to sweep 
across each pole face, after the manner of flux in a poly- 
phase motor, which produces a starting torque on the 
rotor. 4 

Fourth: Starting as Repulsion Motor. By addition of com- 
mutator and brushes to the rotor, the induction motor 
may produce -starting torque by “ repulsion motor” action, 
to be explained in the following article. When the motor 
has reached synchronous speed, the centrifugal force upon a 
set of weights linked to and rotating with the shaft brings a 
short-circuiting ring into contact with all the commutator 
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bars, making the armature practically equivalent to a squirrel- 
cage rotor, and usually at the same time lifts the brushes 
away from the commutator. 

Prob. 79-7. Show conclusively that the total power in a bal- 
anced polyphase circuit does not vary from instant to instant, 
but has a steady value equal to V 3 El cos 0 for a three-phase cir- 
cuit or 2 El cos 0 for a two-phase circuit, where E and I refer to the 
volts between line wires and the amperes in each line wire, respec- 
tively, and cos 0 is the power-factor of each phase of the total con- 
nected load. 


Prob. 80-7. Two coils, A A' and BB', as in Fig. 245 , are in such 
relative position that individually they produce fluxes at right 
angles to each other. The component fluxes are out of phase by 
| period. The maximum value of flux due to coil BB' is only one- 
half as great as the maximum flux due to AA'. Draw vectors as 
in Fig. 247 to represent the resultant or total flux at equal inter- 
vals ( 2*4 period) of time, and draw a curve through the ends of 
these vectors. 

Prob. 81-7. Solve Prob. 80, but on the basis that the component 
fluxes are out of phase by i period. 

Prob. 82-7. The coils AA’, BB' and CC' of Fig. 248 are con- 
nected in Y. A terminal oi A A' and a terminal of BB' are con- 
nected to a single-phase line. The remaining terminal (belonging 
to CC') is connected to the same line through a phase-splitting 
device like Fig. 267 , which causes the current in the coil CC' to be 
£ period out of phase with the current in BB', and half as large 
in value. Assume fluxes to be directly proportional to currents. 
Draw vectors and curve as specified in Prob. 80 . 

Prob. 83-7. Repeat solution of Prob. 82, on the basis that 
flux due to coil CC' is only one-quarter as large as the flux^due to 
AA' and BB' together. 

Prob. 84-7. Show that when we start the rotor of Fig. 264 
turning in either direction the magnetic field due to the speed 
e.m.f.’s and speed currents has such phase relation to the main 
field that the resultant flux rotates in such direction as to maintain 
the rotor movement which produced it. What would be the 
result if it were opposed to the initial movement of the rotor? 



514 ALTERNATING-CURRENT ELECTRICITY 

111. The Repulsion Motor* In the “ repulsion motor ” 
we have a rotor with a winding quite similar to that employed 
on the armature of a direct-current machine. At uniform 
intervals along this winding, taps are connected to bars in a 
commutator. The brushes which bear upon this commuta- 
tor are short-circuited together. By shifting these brushes 
into various positions, we may cause the motor to turn in 
either direction, or to stand still, when the stator windings are 
connected to a source of single-phase power. The operating 
characteristics of this motor are similar to those of a series 
d-c. motor. At zero load, the speed goes indefinitely high, 
and as the load increases the speed decreases in approxi- 
mately inverse proportion 
to the torque. The starting 
torque is high. 

To understand the opera- 
tion of the repulsion motor, 
first consider Fig. 270. The 
single-phase stator winding 
connected to line wires L X L 2 
produces two poles, let us 
say, at N 1 and Si . Although 
the rotor is actually drum- 
wound, a ring winding is 
shown for simplicity in trac- 
ing circuits. A short-circuit 
(a) is connected between 
two definite coils which are 
in line with the stator poles. 
The flux due to the stator is in fact alternating, and the 
polarities marked correspond only to a particular part of 
each cycle. The variations of flux from Ni to Si induces 
e.m.f.'s and currents in the rotor windings short-circuited 
at a, and these currents produce poles on the rotor in 
line with the short-circuit — or at N 2 S 2 in Fig. 270. For 
this position (a) of rotor, there can be no torque between 



Fia. 270. The currents produced in 
the short-circuited rotor windings, 
as marked, cannot produce a torque 
with the stator field on account of 
their ^relative positions. 
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N 1 S 1 and AV^, regardless of the strength of stator flux or 
rotor currents, since the torques developed under each half 
of any pole arc equal and in opposite directions. 

If the rotor be turned by hand into the position ( b ) shown 
in Fig. 271, there will still be zero torque. In this case, the 
rotor is in most favor- 
able position to produce 
torque by interaction be- 
tween rotor currents and 
stator flux. But it may 
easily be seen that the 
c.m.f.’s induced in each 
path of the rotor winding 
neutralize each other, so 
that no rotor currents 
and no rotor poles can be 
produced. 

However, if the rotor 
be moved to a position 
somewhere between those 
shown in Fig. 270 and 271 , 
the resultant e.m.f induced 
in each rotor path will bo 
greater than zero, and the 



Fig. 271. When the short-circuited 
rotor is in this position, the c.m.f.’s 
induced by the alternating stator 
magnetism neutralize one another. 
Thus there are no rotor currents and 
no torque, although the rotor is in the 
most favorable position for develop- 
ing torque if there were any current. 


rotor currents will produce poles on the rotor somewhere 
between the stator poles, as shown in Fig. 272. Here, if the 
rotor is initially in the position (a), a clockwise torque will 
be exerted on N 2 S 2 , and in the position (b) a counter-clockwise 
torque will be produced on N^S! 2 . The torque will *hot re- 
verse as the current alternates, because both stator and rotor 
poles reverse simultaneously. In cither case, however, this 
torque will be reduced to zero as soon as the rotor has moved 
enough to bring the short-circuit into position cc, midway 
between stator poles. 

To maintain the torque steadily, it is necessary to adopt 
means to keep stationary the points on the rotor winding 
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Fig. 272. When the short-circuited rotor is in the position a, a clock- 
wise torque is exerted upon the currents induced in it. When the 
rotor is in position 6, a counter-clockwise torque is exerted .on it. 
In either case, the torque lasts only until the rotor, has moved into 
the position cc, when the torque becomes zero. 



Fig. 273. The repulsion motor. It has a rotor wound like the arma- 
ture of a direct-current motor, the coils being connected to the com- 
mutator CC, upon which bear the short-circuited brushes BB. If the 
brushes are set so as to produce the rotor poles Ni and S% which are 
neither in line with the stator poles N\ and Si nor at right angles, a 
continuous torque will be exerted upon the rotor. 
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between which the short-circuit is applied. For this pur- 
pose, the winding is connected ns shown in Fig. 273 to a 
commutator CC , upon which bear tins 
brushes BB with a short-circuit between 
them. The brushes are, shifted out of line 
with the main stator poles whereupon 

there are induced in the rotor, by trans- 
former action, currents which produce rotor 
poles at N>> and S>. The stator poles exer- 
cise a repulsive force upon these rotor polos 
and produce thereby a torque. By shifting 
these brushes BB, we may have a torque 
in either direction, or zero tore pie. In real- 
ity, the internal actions become quite 
highly complicated by the speed e.m.f.’s 
and currents that arise as soon as the motor 
begins to turn, but this explanation has boon 
made as simple as possible. Fig. 274 shows a conventional 
sketch for a simple repulsion motor. 

111(a). Operating Characteristics of Repulsion Motors. 
The straight repulsion motor, which has the characteristics 
of a series motor, has been applied to various purposes for 
which the latter would be suitable — such as driving of 
railroad cars and fans. Its widest application, however, has 
been as an auxiliary to the single-phase induction motor, 
to supply the starting torque which the latter inherently 
lacks. Fig. 275 shows a single-phase induction motor with 
wound rotor, the rotor winding being tapped to a (radial) 
commutator upon which bear brushes controlled by a°cen- 
trifugal governor on the shaft. The brushes are short-cir- 
cuited together and when the motor is at standstill they bear 
upon the commutator, being set so as to produce torque by 
repulsion motor action when the stator is excited. This 
torque accelerates the motor to nearly synchronous speed, at 
which point the governor connects all the commutator bars 
together, and at the same time throws the brushes out 



Pin. 271. A coii- 
v out i o n :i 1 
sketch to rep- 
resent t he con- 
nections and 
arrange* rnent 
shown in Pig. 
273. 
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Fi<j. 275. A single-phase induction motor with commutator and 
brushes for starting as a repulsion motor. The Westing ho use EUclric 
and M fg. Co. 



Fin. 276. Speed torque curves for single-phase induction motor of Fig. 
275, with repulsion motor method of starting. The W estinghousc 
Electric and Mfg. Co. 
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of contact with the commutator, producing practically a 
squirrel-cage rotor. The motor then operates as a straight 
single-phase induction motor, having operating character- 
istics such as are shown in Fig. 205. Fig. 270 shows the 
speed-torque curve of such a motor both before and gfter 
the governor has operated. 

An interesting type of 
single-phase induction mo- 
tor having excellent operat- 
ing characteristics is shown 
in Fig. 277 to 281. The 
rotor slots contain two dis- 
tinct windings, a squirrel- 
cage winding of copper bars 
at the bottom, and a coil 
winding at the top con- 
nected to a commutator. 

These two windings are 
separated by “magnetic 
separators, ” as illustrated in Fig. 278. The general appear- 
ance of the motor is shown in Fig. 277, and the electrical 

connections (with the 



Fin. 277. Single -phase induction 
motor designs! for starting as a 
repulsion motor and for operation 
at high power-factor. The Wagner 
Electric Mfg. Co. 



Retaining Wedge 
Commuted Winding (3) 
Magnetic Separator 
Squirrel Cage (4) 


Fiu. 27cS. The cross section of one slot 
in the rotor of the motor shown in Fig. 
277. The Wagner Electric Mfg . Co. 


normal operating char- 
acteristics) in Fig. 279. 
As indicated in Fig. 279, 
there is placed in the 
same slots with the main 
field winding (M.F.) on 
the stator an auxiliary 
“ compensating winding ” 


(2), the function of which is to improve the power-factor of 
the motor. The brushes 5 and G, Fig. 279, in line with the 
stator poles are short-circuited together, while another pair 
of brushes (7, 8) fixed midway between the stator poles is 
connected in series with the main field. The compensating 
winding (2) is shunted across the latter brushes (7, 8) and 
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there is included in this circuit (2) a switch (*S, Fig. 277) 
operated liy centrifugal force' which closes the compen- 
sating field only after the motor has reached synchronous 
speed. Between any two brushes there is of course an 
alternating e.iu.f. 



14 V BK MOTOR 
5 H. P.,00— ,1 PHASE, 4 POLE, 
220 VOLTS, 1800 R.P M. 



4 * * * 0 13 7 8 9 10 H.P. 

Vm. -7!). C’urves showing the perlm-maimo under load of tlw; Wagner 
."ingle phase induction motor of Fig. 277. The Wanner Electric 
Mfy. Co. 

The normal operating curves for Ihis motor (Fig. 279) 
show •that at zero load the slip is negative (speed slightly 
aho\c synchronism), and the power-factor is about 70 per 
cent leading. As the power output increases the speed falls 
and the power-factor rises, the slip being zero and the powor- 
fac t.oi unity at about rated load. It should bo explained 
that the power-factor may be adjusted by shifting connections 
on the compensating winding, and the direction of rotation 
may be reversed by reversing connections between the 
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main field (M.F.) and the brushes ( 7 , 8). The motor can- 
not race under any circumstances, because of the squirrel-cage 
winding in the bottoms of the slots; in this respect it is 
superior to some other motors which lack the squirrel-cage 
winding and which will race if some of the brushes become 
disconnected. - 

The effect of the compensating winding is illustrated by 
Fig. 280, which shows how the operating characteristics are 



Fia. 280. Operating characteristics of the motor shown, in Fig. 277, 
with the compensating winding disconnected. Note the change in 
power-factor and efficiency due to the lack of the compensating wind- 
ing. The Wagner Electric Mfg % Co . 

* 

changed when the compensating winding is disconnected. 
Note that both the power-factor and the efficiency are 
markedly reduced, and the current increased at light loads. 
Fig. 281 shows the load characteristics of the same°motor 
after all brushes have been disconnected from one another 
and from the stator windings, which may be done after 
starting the motor. Note that the current is relatively high 
for any given load, the power-factor is low, and the load 
capacity of the motor is greatly reduced. 

112. The Series Motor for A-C. Circuits. When the 
direction of current through a direct-current series motor is 
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reversed without altering the connections between its field 
and armature windings, the direction of torque and of 
rotation remain unchanged, because the magnetic poles on 
both field and armature have their polarity reversed at the 



same time by the reversed current which flows through both 
of them. Even if the reversals of current occur rapidly we 
should expect to find that the torque remains unidirectional ; 
in other words, the series motor should produce a torque 
tending to turn it in the same direction, when either direct 
or alternating current is sent through it. 

Ihis is in fact the case; but the operation of the motor on 
alternating-current circuits is decidedly inferior to its per- 
formance on direct-current circuits, in the following respects: 

f irst. The series motor designed for d-e. circuits takes 
alternating current at a very low power-factor, on account 
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of the large amount of inductance in field and armature 
windings. This is objectionable because with the limiting 
current passing, the power developed will be much lower 
than for the same value of direct current and voltage. 

Second . There would be excessive heating of the field cores 
of a d-c. scries motor operated on an a-c. circuit, involving 
low efficiency and either damage to insulation or reduction 
of power capacity. This is due to large eddy currents in- 
duced in the solid pole-cores. The armature core is lami- 
nated even in a d-c. machine. 

Third. The d-c. series motor would spark excessively at 
the brushes if operated on an a-c. circuit. This is due 
principally to alternating e.m.f. ’s and currents induced in 
the coils that are short-circuited through each brush by 



OI = current. 

F — voltage drop over field winding. 

A = voltage drop over armature impedance. 

E c = counter e.m.f. induced in the armature by the speed. 

E = total e.m.f. applied to terminals of the motor. r ' 

the alternating flux which links with such coils in its path 
from one field pole to another. 

Let us now examine how these difficulties are overcome in 
adapting the series motor to the alternating-current power 
supply. In discussing power-factor, first, we shall be as- 
sisted by drawing the vector diagram for a-c. series motor, 
as in Fig. 282 . The current has the same phase throughout 



524 alternating-current electricity 

both field and armature, and is taken as the reference vector 
01. The e.m.f. X/I, required to overcome inductive react- 
ance of the field winding, leads 01 by one-quarter period or 
90°, while the e.m.f. R/I to overcome resistance of field 
winding is in phase with 01. The total e.m.f. consumed by 
field impedance, which would be indicated by a voltmeter 
across the field terminals, is marked F . Similarly, the 
e.m.f. required to overcome impedance of the armature 
winding is A. The counter e.m.f. induced by continuous 
rotation of the armature in the alternating flux from the 
field winding is marked E c . It is in phase with the field 
flux, and therefore also with the current OI which produces 
the flux (neglecting the very slight phase difference between 
current and flux, due to hysteresis). A voltmeter tapped 
across the armature terminals would indicate the vector 
sum of A and E CJ or de. The total e.m.f. between terminals 
of the entire motor is E t or the vector sum of F, A and E c . 
The power-factor of the motor is equal to cos 0. 

Now, in order to increase the power-factor or reduce 0, 
we must reduce X f and X a . This demands first of all that 
the frequency of the circuit be low; series motors are rarely 
operated at more than 25 cycles per second, and for heavy 
series railway motors a frequency of 15 is advocated. Fur- 
thermore, the inductance of field windings is reduced by 
making the number of turns in the field coils as small as 
jxjssible. This requires that the reluctance of the magnetic 
circuit be kept low, which is accomplished by making the 
air g$p short, and the cross section and amount of iron in 
the magnetic circuit relatively large so as to reduce densities 
and increase permeabilities. 

The most practicable way of reducing ar ma ture inductance, 
on the other hand, is by means of a “compensating winding” 
sunk into slots in the pole-faces. In Fig. 2S3, the conductors 
on the stator which are joined by full lines represent the main 
field winding producing poles at Ni and Si. The brushes 
BB are in such position on the co mm utator CC that the 
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direction of current in the various rotor conductors, is as 
indicated, producing poles at N% and S% on the armature, 
which act upon the stator poles N\ and S x to produce torque 
and rotation. As demonstrated in Chapter IX of First 
Course, it is not economi- 
cal to spread a single-phase 
winding over the entire 
periphery of the stator. 

The space not occupied, 
therefore, by the main 
field winding is filled with 
conductors (joined as 
shown by dotted lines) 
which form the “compen- 
sating winding.” 

This compensating 
winding is designed to 
have enough ampere-turns 
so that it tends to produce 
poles upon the surface of 
the stator equal and oppo- 
site to N 2 and S 2 , in con- 
sequence of which the 
armature winding is actually unable to produce any appre- 
ciable amount of flux linking with its own turns — that 
is, its inductance is reduced to practically zero. However, 
the local flux linking the conductors in each single slot is not 
and cannot be compensated. The compensating winding 
is sometimes connected in series with the arrpature (conduc- 
tive compensation), and sometimes it is designed to be short- 
circuited upon itself (inductive compensation) so that the 
necessary current is induced in it by transformer action 
of the flux from the armature poles NA- In the latter 
case the armature flux (from N* to S 2 ) limits itself to the 
small amount necessary to induce an e.m.f. just sufficient 
to overcome the impedance of the compensating winding. 


single-phase series a-c. motor. The 
full lines show the main field winding. 
The dotted lines represent compen- 
sating windings used to reduce the 
armature inductance. From More- 
croft 1 8 11 Continuous and Alternating- 
Current Machinery.” 
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The power-factor of the series motor is also increased by- 
making E e (Fig. 282) large in comparison with X/I and ZJ. 
This induced counter e.m.f. is increased by using a relatively 
large amount of copper (turns) in the armature of the 
series -a-c. motor. This large number of armature turns does 
not increase X a , on account of the compensating windings. 
Of course the values of R f I and RJ arc kept as small as 
practicable, by« increasing the cross section of the conductors, 
because they represent energy losses which reduce the 
efficiency of the motor. 

In order to reduce the heating in the a-c. series motor, and 
to keep the efficiency as high as possible, it is necessary to 
laminate the iron in the field cores as well as in the armature 
core.* Low flux densities must be used, so that this motor is 
characterized by a relatively large amount of iron, as well as 
of copper, for a given horse power. This makes the motor 
more expensive than a d-c. scries motor of the same rated 
horse power and voltage. In general it may be said that a 
scries motor designed for alternating current will have larger 
capacity and better operating characteristics when operated 
on direct current, whereas the d-c. series motor behaves 
very badly on a-c. circuits. 

The most serious difficulty in operating series motors on 
a-c. power circuits is in regard to sparking. We have to 
contend with all the difficulties which arise in the d-c. 
machine, plus some which are peculiar to the a-c. machine. 
It is the latter and the special devices that must be used on 
account of them that we shall here consider. As shown in 
Tig. 284, the coils C 1 C 2 , which are short-circuited by the 
brushes B x and B 2 respectively while undergoing commuta- 
tion, are threaded by the flux <J> which passes from one field 
pole to another through the armature core. In the a-c. 
series motor, this stator flux is alternating, therefore each 
short-circuited coil (as Ci,C 2 ) has induced in it an alternating 
e.m.f. by transformer action, in addition to such e.m.f. 

* See Timbic, "Elements of Electricity,” Art. 124, page 180. 
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as may be induced by movement of the armature. These 
transformer e.m.f.’s in the coils C\C 2 produce excessive cur- 
rents (limited only by the impedance of the individual coils), 
which heat the armature winding, the commutator and the 


0 

0 


0 

0 


C 2 

Fig. 284. Diagram of a single-phase series a-e. motor showing how 
the alternations of the flux <t>, threading the short-circuited armature 
coils CiC 2 , induce in them heavy currents by transformer action. 

brushes, reduce the efficiency of the motor and cause bad 
sparking in operation. The coils CiC a might even be burned 
out if the motor were too long in starting, as then the cur- 
rents arc large and these coils have no chance to cool off. 

The amount of e.m.f. and of current in the short-circuited 
coils may be reduced by designing the armature winding so 
as to have a larger number of coils with a smaller number of 
turns in each coil, and by using as little flux per pole as pos- 
sible. Thus, a-c. series motors are characterized by a large 
number of thin commutator bars, and by being wound for 
rather numerous poles. Even these efforts are inadequate, 
however, and such motors are usually equipped with what 
are known as “ resistance leads” or “preventive leads.” 
Thus, in Fig. 285, the leads n, r 2 , . . . , r n between the ar- 
mature coils and the commutator bars are designed to have 
not only a sufficient current-carrying capacity but also 
enough resistance to limit to a safe value the current induced 
in the short-circuited coils (C 1 C 2 ) by transformer action of 
the main field flux. These resistances need not be large, 
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because two of them (as n and r s ) act in series to limit the 
current in any single short-circuited coil (as Ci), and the 
e.m.f. induced in each coil by transformer action is relatively 
small. Therefore the PR loss duetto the flowing of the main 


Ci 



Fig. 285. A single-phase series ar-c. motor showing the resistance 
leads (r) between coils and commutating bars, to limit the short- 
circuit currents in coils CiC* duo to the transformer action by the 
main field flux. 

current through them is not excessive, except when the motor 
is stalled or takes too much time in starting. Nevertheless, 
these preventive resistances are sometimes replaced by in- 
ductive reactances * in order to reduce the heating and im- 
prove efficiency. It is to be noted that the only preventive 
leads which carry current at any instant are those connected 
to the commutator bars which are under brushes. 

The series alternating-current motor is peculiarly useful 
and adaptable where we desire the speed to vary automati- 
cally with changes of load, or where we desire to control the 
speed of the motor at any given load. In the former respect, 
the series motor has practically the same characteristic 
on either d-c. or a-c. circuits; when the motor is required 
to pull a heavy torque it automatically slows down, and when 
its torque is small it runs at high speed. This makes it 
* See Trans. A.I.E.E., Vol. XXIX, page 28. 
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suitable for driving railway trains, because the heaviest 
torque is needed while the train is starting, and th#n also 
the speed should be low. When the accelerating period is 
over, the torque is much reduced and then high speed is 
usually desired.- The speed of the series a-c. motor is easily . 
and efficiently controlled by feeding power to it through an 
autotransformer equipped with numerous taps, so that a 
number of different voltages may be applied to the motor 
terminals. The autotransformer may be Wound, also, so 
as to take power directly from a high-tension line while the 
motor receives its input at a moderate pressure, thus econo- 
mizing the expense and space for insulation in the motor. 
Corresponding reduction of voltage for speed control of the 
d-c. series motor may be had only by means of resistors, 
which waste large amounts of power and lower the efficiency 
of the whole outfit at reduced speeds to a value much lower 
than may be obtained by the a-c. motor with its autotrans- 
former. 



SUMMARY OF CHAPTER VII 

INDUCTION MOTORS differ from other types in that the 
currents in the rotor or secondary windings are induced by the 
magnetic action of the currents in the stator or primary wind- 
ings. These motors are inherently approximately constant- 
speed motors. 

THE ROTOR may be of the “ squirrel-cage 99 type, consist- 
ing of insulated heavy copper bars with short-circuited ends, 
laid in slots in a core of laminated iron; or it may be of the 
“ wound ” type, consisting of insulated windings laid in slots 
and brought out to slip rings mounted on the shaft. 

THE STATOR is practically identical with the armature of 
any alternating-current generator of the stationary armature 
type. 

A REVOLVING FLUX is set up by the alternating current 
in the stator windings of a polyphase motor. This revolving 
flux cutting the conductors of the rotor sets up currents in 
them, in such direction as to produce a continuous torque. 
If unloaded, the rotor will revolve at nearly the same speed as 
the stator flux. This is called the SYNCHRONOUS SPEED. 

THE SYNCHRONOUS SPEED in revolutions per minute 
equals 60 times the frequency divided by the number of pairs 
of poles, as in any synchronous machine. 

THE ROTOR OF A LOADED INDUCTION MOTOR does 
not rotate at synchronous speed but “ slips,” so that the re- 
volving stator flux cuts the rotor windings and produces the 
necessary rotor e.m.f., current and torque to carry the load. 
The “ slip ” is stated in percentage and equals 

synchronous speed — actual rotor speed 
synchronous speed 

THE INDUCTANCE OF THE ROTOR windings causes a 
time lag of rotor currents behind rotor e.m.f.’s, and causes the 
field due to the rotor currents to occupy such a position with 
regard to the rotating flux that the torque is reduced thereby. 
It also cuts down the value of the rotor currents, especially at 
starting, when the e.m.f. induced in the rotor has the same 
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frequency as the line. It would have no effect at synchronous 
speed as the frequency of the induced e.m.f. would be zero. 

THE RESISTANCE OF THE ROTOR windings reduces the 
torque merely in that it limits the value of the rotor currents, 
as it does not produce an unfavorable effect upon the position ‘ 
of the rotor flux with relation to the stator poles. 

THE ROTATING FIELD IN THE STATOR OF A POLY- 
PHASE MOTOR is formed by the combined fluxes of the 
several phases. The dying fluxes of some phases always 
combine with the growing fluxes of the others 'so that the total 
flux remains the same value and sweeps around the axis of the 
rotor. • 

THE STARTING CURRENT OF A SQUIRREL-CAGE 
MOTOR is large, being usually from 3.5 to 7 times the full- 
load current if started at full voltage, because the ampere-turns 
of the stator must balance the large value of the ampere- 
turns in the rotor in which heavy currents are set up by the 
revolving flux. As the rotor is at rest, its conductors are put 
by the stator flux at synchronous speed and a relatively high 
e.m.f. is induced in them. 

THE POWER-FACTOR OF THE STARTING CURRENT 
of this motor is low. It is approximately the power-factor of 
the rotor current, being about 65 per cent, due to the large 
value of the reactance of the rotor in relation to its resistance. 
It depends upon the value of the slip which is maximum, and 
of the leakage reactance which is large on account of the air 

gap- 

THE STARTING TORQUE IS LOW, depending upon the 
relative values of the reactance and resistance of the rotor 
and averaging about 1.5 to 2.5 times the full-load torque. This 
is due largely to the unfavorable position of the rotor currents 
and poles relative to the stator poles. The starting torque is 
greatest when the resistance of the rotor equals its reactance. 
Under these conditions, it is: 

Directly proportional to the square of the e.m.f. induced per 
turn of the rotor circuit when at rest or the e.m.f. impressed 
upon the stator; 

Inversely proportional to the angular velocity of the rotating 
field and to the resistance per circuit of the rotor. 

A WOUND ROTOR CAN BE SUPPLIED with extra external 
starting resistance in order to make the resistance equal to the 
reactance. This resistance is cut out when rotor attains full- 
load speed, in order to increase the efficiency. 
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THE SPEED OF AN INDUCTION MOTOR falls as load 
is added to it. The increased slip causes a greater cutting of 
the rotating flux by the rotor conductors, consequently a greater 
e.m.f. is induced in the rotor, which increases the rotor currents 
and torque sufficiently to carry the added load. The torque 
may be increased to a maximum value known as the pull-out 
point, usually about 1.6 times the starting torque. The motor 
then comes rapidly to standstill, because of: 

(a) The stator impedance drop, which decreases the mutual 
flux. 

(b) The magnetic leakage, on account of which the increase 
in stator current does not produce a proportional increase in 

* mutual flux. It also increases the rotor reactance, causing 
the rotor poles to occupy an unfavorable position. 

INCREASING THE TORQUE (LOAD) ON A MOTOR 
causes : 

(a) A falling off in speed. At given per cent slip the larger 
motors have higher power-factors and efficiencies. 

(b) An increase in power-factor, the maximum power- 
factor being obtained at a considerable overload. High-speed 
motors have the best power-factor. 

(c) An increase in efficiency to about | load and only a 
slight change from there to lj load. 

THE EFFECT OF ROTOR RESISTANCE UPON THE 
PERFORMANCE OF AN INDUCTION MOTOR: 

(a) Increasing the rotor resistance improves the power-fac- 
tor and reduces the current at starting, and up to a certain 
point increases the starting torque. 

(b) Increasing the rotor resistance reduces the speed, or in- 
creases the slip and the speed regulation corresponding to a 
given torque, in direct proportion to 1*3. In this manner we may 
obtain any desired speed from synchronous speed to zero, at any 
given value of torque or load. Under these conditions, the 
current, power and power-factor of input are unchanged, but 

(c) When the speed is thus reduced, the ij 1*9 loss in the 
rotor is increased, and the power output and the efficiency 
corresponding to a given torque are reduced, in direct proportion 
to the increase of slip and of r 8 . 

(d) The pull-out point or maximum load capacity of the 
motor is independent of the value of secondary resistance. 

SYNCHRONOUS WATTS signifies the amount of mechanical 
power (expressed in watts) which the machine could develop if it 
were to turn at synchronous speed while delivering a given torque. 
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Synchronous watts = 0.142 x rev. per min. X pound-feet. 

AN INCREASE IN THE LENGTH OF THE AIR GAP: 

(a) Greatly lowers the efficiency. 

(b) Greatly lowers the power-factor for the same torque. 

(c) Slightly lowers the speed. 

(d) Slightly lowers the pull-out point. 

EFFECT OF CHANGING THE IMPRESSED VOLTAGE: 

(a) The torque varies as the square of the voltage, — for the 
same slip. 

(b) The slip varies approximately inversely as the square of 
the voltage, — for the same torque. 

EFFECT OF CHANGING THE FREQUENCY: 

(a) The synchronous speed varies directly as the frequency, 
for constant voltage. 

(b) The core loss and the exciting current increase as the 
frequency is lowered, with the same voltage. 

(c) To operate a motor on other than the standard frequency, 
it is best to change the voltage in proportion to the square root 
of the frequency. 

THE SPEED OF POLYPHASE INDUCTION MOTORS IS 
CONTROLLED COMMERCIALLY: 

(a) By varying the resistance introduced into the rotor; 

(b) By changing the number of the stator poles; 

(c) By joining two or more motors in cascade or concate- 
nation. 

TWO INDUCTION MOTORS ARE SAID TO BE CON- 
CATENATED when the rotors are rigidly connected by gears 
or other coupling, while the stator of one motor is connected 
to the line and its rotor is connected to the stator of the other 
motor. The first motor must have a wound rotor. 

Such a combination rotates at a speed equal to that of a single 
motor having the sum or difference of the number of poles, 
according as direct or differential concatenation is used. 

THE INDUCTION MOTOR MAY BE USED AS AN IN- 
DUCTION GENERATOR when its stator is connected to a 
source of alternating current and the rotor is turned above 
synchronous speed by a prime mover. When so used as an 
auxiliary in large power plants, it is usually run by a turbine 
driven by the exhaust steam from the reciprocating engines. 
The amount of power delivered is proportional to the (negative) 
slip. The machine ceases to generate when short-circuited. This 
generator effect is made use of for the “ regenerative braking ” 
of cars supplied with polyphase induction motors. As soon 
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as the speed of a coasting car causes the motor to exceed the 
synchronous speed, the power returned to the line by the stator 
acts Its a brake. Reactive power must be supplied to the stator 
for excitation. 

A FREQUENCY CHANGER CAN BE ARRANGED by con- 
necting the stator of an induction motor to a line of lower fre- 
quency (/«) and the wound rotor to the line of higher frequency 
(/i). The rotor is turned against the stator flux by a synchronous 
motor attached to the low-frequency supply mains, at a speed (n r ) 

equal to - * — — 2* times the synchronous speed (n*) of the rotor. 
fa 

The electrical power taken by the stator from the low-fre- 

w 

quency line equals X total power generated in the rotor, 

»r l 

plus the iron and copper losses in the stator. 

The mechanical power taken by the rotor (through the syn- 

chronous motor) from the low-frequency line equals — 

ti r fi M 

X the total electrical power generated in the rotor. 

THE CIRCLE DIAGRAM FOR THE INDUCTION 
MOTOR. If vectors representing the currents taken by 
an induction motor (from zero load to locked-rotor condition) 
are all drawn to the same scale and from the same point on the 
axes of reference, the ends of these vectors will all lie in the 
circumference of a semicircle. The diameter of this semi- 
circle can be determined from the no-load current and power- 
factor and locked-rotor current and power-factor, both being 
taken at rated voltage. From this semicircle, can be deter- 
mined for any given value of stator current: 

(a) The effective power, reactive power and power-factor. 

(b) Copper loss in stator (by also measuring the stator 
resistance). 

(c) Total fixed losses, as core and friction losses. 

(d) Rotor copper losses. 

(e) Mechanical output, torque and efficiency. 

(f) Slip, speed and speed regulation. 

SINGLE-PHASE INDUCTION MOTORS will operate if 
started and brought up to approximately full speed, but with 
smaller torque than a polyphase motor of the same general 
dimensions. The flux set up by the currents induced in the 
rotor combine with the flux set up by the current in the stator 
windings to form a revolving flux, when the rotor is revolving. 
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This resultant flux would be fairly constant in value if the rotor 
revolved at synchronous speed, but the slip causes it* to vary 
in value, so that the end of a vector representing the direction 
and magnitude of resulting flux describes an ellipse, and not a 
circle as in the case of a polyphase motor. With the rotor at 
rest, this ellipse flattens into a straight line, so that .under 
these conditions the field does not revolve, and thus no starting 
torque results. 

SINGLE-PHASE INDUCTION MOTORS ARE STARTED: 

(a) By hand, in the very small sizes. * 

(b) By supplying split-phase to starting-coils on the stator. A 
condenser or a coil with high inductance is put in series with 
these coils, so that the starting current through them sets up a 
flux which is out of phase with the flux in the main stator coils. 
These starting coils are cut out when the rotor attains full 
speed. A special phase-splitting device which is not built 
into the motor is shown in Fig. 268 , for starting a three-phase 
motor on a single-phase circuit. 

(c) By shading coils, which consist of short-circuited coils 
wound on the trailing tip of each pole. The e.m.f. set up by the 
changing flux in the pole causes a current to flow in these 
shading coils which sets up a flux out of phase with the flux in 
the remainder of the pole. This causes a resultant flux wave 
to sweep across the pole face, dragging the rotor with it. 

(d) By repulsion motor action. 

THE REPULSION MOTOR has a rotor similar to a direct- 
current armature. The brushes bearing on a commutator are 
short-circuited, and the currents induced in the armature coils 
set up poles on the armature surface. The brushes are so placed 
that the poles thus set up are slightly out of line with the 
stator poles, and the mutual repulsion between like poles on 
the stator and armature produces the torque. The general 
characteristics of a repulsion motor are those of a d-c. series 
motor. The starting torque is large and the speed indefinitely 
high at no load. Speed varies, inversely as the torque. 

In using the repulsion motor effect for starting a single-phase 
induction motor, the commutator segments are automatically 
short-circuited together at full speed by centrifugal force, and 
the brushes lifted to reduce friction loss. By furnishing the 
stator with compensating field coils, excited from the arma- 
ture by means of a second set of brushes, it is possible to 
produce a negative slip at no load, causing leading power- 
factor, and no slip at full load with the resulting unity power- 
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factor. Additional squirrel-cage windings may be placed on 
the rotor to prevent racing at no load. This produces a single- 
phase motor of excellent characteristics but of somewhat 
reduced efficiency. 

A SERIES MOTOR TO OPERATE SATISFACTORILY on 
alternating-current circuits must be designed somewhat differ- 
ently from a direct-current series motor, which would operate 
interiorly on an alternating-current circuit, on account of the 
following inherent characteristics: 

(a) The large inductance of armature and field windings of 
the d-c. motor. 

The field reactance of an a-c. series motor is reduced by 
operating the motor on low frequency and by using as few 
turns as possible in the field windings. The air gap must neces- 
sarily be made small to reduce the reluctance. The armature 
inductance is decreased by using compensating windings on the 
poles, the m.m.f. of which exactly neutralizes the armature 
m.m.f. and greatly reduces the flux produced by the armature 
currents. This practically reduces the armature inductance 
to zero. The power-factor of the motor is thus raised. 

(b) The increased heating in the armature and field cores 
due to eddy currents. 

This is avoided in the a-c. motor by laminating the field;, 
cores and yokes, as well as the core of the armature, and |>y ; 
using lower flux densities. An a-c. series motor is therefore 
heavier and more expensive than a d-c. series motor of the same 
horse power. 

(c) Excessive sparking at the brushes, because the coils short* 
circuited by the brushes are cut by the constantly alternating 
flux. These short-circuit currents are .limited by introducing 
resistance or inductive reactance into the leads connecting the 
commutator segments to the tapping points. 

The operating characteristics of an alternating-current series 
motor gre similar to those of a direct-current series motor. It 
has the advantage, however, over the direct-current machine 
of being easily and economically controlled as to speed, by 
taking its voltage from the taps of an autotransformer, instead 
of having the voltage controlled by series resistances, with the 
accompanying I 2 H loss. 



PROBLEMS ON CHAPTER VII 

Prob. 86-7. (a) What percentage taps must be used on the* 

compensator for the 7§-h.p. 1200-r.p.m. motor of Table I, to start 
it with a current equal to rated-load current? (6) What will be 
the starting torque under this condition, as percentage of rated- 
load torque? * 

Prob. 86-7. The 5-h.p. 1800-r.p.m. motor of Table I is started 
by means of a star-delta switch from a line whose pressure is equal 
to the rated voltage of the motor. Calculate, as i>ercentages of 
the corresponding values at rated load, (a) starting torque; (6) 
starting current. 

Prob. 87-7. The voltage of the supply line to the 40-h.p. 900- 
r.p.m. induction motor of Table I drops 20 per cent at the moment 
of starting the motor on account of the large value and low power- 
factor of the starting current. By what percentage are the values 
of starting torque and of starting current greater or less than they 
‘ would have been if the line voltage had been unaffected? 

Prqb. 88-7. What effect would be produced upon the starting 
torque of a squirrel-cage induction motor if the end rings of the 
rotor are notched with a file or a hacksaw at frequent intervals 
between the points where the rotor bars connect to them? 

Prob. 89-7. From the curves of Fig. 254, obtain data for cal- 
culating and drawing another curve having as abscissas the rotor 
circuit resistance, and as ordinates the total PR loss in the motor 
at starting as percentage of the total PR loss at rated load and 
maximum speed. 

Prob. 90-7. From the results of Prob. 89 and from Fig. 25*1 
construct a curve having as abscissas the starting torque as per 
cent of full-load torque, and as ordinates the PR loss at starting as 
per cent of PR loss at rated load. Discuss the form of this curve. 

Prob. 91-7. Notice from Fig. 254 that wc may develop the 
same starting torque (of 200 per cent rated torque, let us say) with 
either of two different values of resistance per rotor circuit. For 
each of these values calculate the total PR loss in rotor as per cent 
of PR at rated load, and on the basis of these figures state which 
adjustment of the rotor resistance is preferable. 

537 
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Prob. 92-7. The motor of Fig. 254 is adjusted to produce its 
maximum starting torque, and the motor of Fig. 255 is adjusted 
to produce an equal starting torque. The two motors are rated 
exactly the same for full load. Calculate: (a) Ratio of starting 
current for wound-rotor motor to starting current for squirrel- 
cage motor; (6) similar ratio, between I 2 R losses at moment of 
starting. 

Prob. 93-7. To what value would the efficiency at ratcd-load 
torque of the motor in Fig. 258 be raised if the air gap were length- 
ened so as to have a power-factor 10 per cent lower than shown 
for this load by the i>ower-f actor curve, other things being equal? 

Prob. 94-7. From the data of Table II for a 5-h.p. 1140-r.p.m. 
motor calculate the reactive volt-amperes supplied to the motor 
at }, 2 , 1, 1 t times rated load. Draw a curve setting forth these 

results, and discuss the significance of the curve. 

Prob. 95-7. From the data of Table II determine how many 
kv-a. of generator capacity, and how many kw., would be required 
to drive: (a) A 10-h.p. 850-r.p.m. motor at half load; (5) a 5-h.p. 
850-r.p.m. motor at full load. Discuss the significance of these 
figures, in view of the fact that both motors are delivering the 
same power at approximately the same speed — that is, perform- 
ing identically the same service. 

Prob. 96-7. Solve Prob. 95-7 with relation to: (a) A 2-h.p. 
1140-r.p.m. motor at half load; (5) a 1-h.p. 1140-r.p.m. motor at 
full load. 

Prob. 97-7. Table II gives the efficiency at various fractions of 
full-load liorse-power output.* Assuming that the slip varies in 
direct proportion to the* torque, calculate from the data of full load 
in Table II the values of efficiency at J, i, f, 1 and lj times rated- 
load torque for a 20-li.p. 1 140-r.p.m. motor. Is the efficiency curve 
appreciably different whether drawn with respect to power or 
torque output as abscissas? 

Prob.* 98-7. For the 20-h.p. 1140-r.p.m. motor of Table II 
wound 3-phase 250 volts, calculate the values of amperes input 
({>er line wire) and of torque (pound-feet) per ampere, at J, f, 
1 and lj times rated-load power output. 

Prob. 99-7. From the data of Table II, determine how many 
kw. and kv-a. generator capacity would be required to deliver 
5-h.p. from an induction motor operating at full load: (a) At 
1140 r.p.m.; ( b ) at 850 r.p.m. Discuss the significance of these 
figures. 
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Prob. 100-7. From the data 'of Table II calculate the overall 
efficiency of motor and mechanical transmission to ' a machine 
driven by: (a) A 10-h.p. 850-r.p.m. motor coupled directly to the 
machine and operating at full load; (b) a 10-h.p. 1140-r.p.m. 
motor delivering same power to the machine, but through gearing 
or belting which absorbs 10 per cent of the power of the motor. 
Discuss the results. 

Prob. 101-7. Calculate the kw. and kv-a. of generator capacity 
required per horse power available at the shaft of the driven ma- 
chine, for cases (a) and (b) of Prob. 100-7. DiscuSs the results. 

Prob. 102—7. The motor of Fig. 258 is required to operate at a 
speed as near as practicable to 500 rev. per min. against a torque 
of 150 pound-feet. Determine: (a) At what point must the 
controller be set? (b) What will be the actual speed of the motor 
at the given torque? ( c ) What is the horse-power output of the 
motor under this condition? (d) What will be the speed regulation 
in per cent, if this load be suddenly removed? 

Prob. 103-7. What should be the efficiency of the motor of Fig. 
258 operating under the conditions stated in Prob. 102-7? Note 
that the efficiency curve of Fig. 258 corresponds to the speed-torque 
curve shown, in dotted line, as “inherent speed-torque character- 
istic.” 

Prob. 104-7. The efficiency curve of Fig. 258 corresponds to 
that amount of resistance in the rotor circuit which gives the speed- 
torque relation shown by the dotted line marked “speed-torque 
characteristic” — that is, with the rotor short-circuited. Cal- 
culate what efficiency (per cent) would be obtained when the motor 
produces 50, 100, 150, 200, 250 and 300 pound-feet of torque while 
operating on the last step (No. 8) of the controller. 

Prob. 105-7. An 8-pole wound-rotor induction motor rated 
25 h.p., 1150 r.p.m., 60 cycles, 240 volts (3-phase), is operating 
against rated-load torque at rated voltage and frequency, but with 
the controller set so that the rotor circuit resistances have four 
times their normal (inherent) value. If the efficiency at full rated 
load, without external resistance in rotor circuits, is 88 per cent, 
calculate: (a) Speed at rated-load torque with increased resistance ; 
(6) efficiency under these conditions. 

Prob. 106-7. For the frequency changer of Prob. 70-7, cal- 
culate and draw curves having as abscissas the rotor speed expressed 
as percentage of synchronous speed (of stator flux), and as ordinates 
the following: (a) Electrical power input to stator as per cent of 
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total electrical power generated in rotor; (6) mechanical power in- 
put to rotor as per cent of total electrical power generated in rotor; 
(c) voltage generated in each rotor circuit as percentage of voltage 
generated at 60 cycles per second; (d) reactance of each rotor 
circuit as percentage of its reactance at 60 cycles per second. Neg- 
lect all losses in the induction generator* and assume that the 
current output and leakage inductance are constant. Consider 
the delivered frequency to vary from 0 to 60 cycles per second. 



CHAPTER VIII 
THE SYNCHRONOUS MOTOR 

In studying the parallel operation of alternators, we 
noted that if the power is shut off from {in alternator which 
is operating in parallel with other similar machines, the 
alternator will not stop, but will draw power from the other 
alternators and continue to run at synchronous speed. 
Such a generator has thus become a synchronous motor, 
so-called because at all loads from no load to the maximum 
load, it operates in synchronism with the frequency of line. 
Why the rotor always revolves in synchronism with the line 
frequency will be shown in the next articles. 

113. Running Torque and Speed of a Synchronous Motor. 
In Fig. 286, the rotating field is assumed to be revolving 
counter-clockwise at synchronous speed. The four poles 
are excited by a direct current supplied to the coils through 
the rings. In the armature, the ends of the conductors 
composing the two phases A and B arc shown, — A by 
hollow circles and B by solid circles. The current has a 
maximum value in phase A at the instant shown and there- 
fore is zero in phase B f which has a phase difference of 90° 
with A . Assume the current in phase A to be in at the top 
and the bottom and out at the sides. Considering pole I, 
which is a North pole, we see that the action of the ftux on 
the conductors at the top (which are carrying a current in) 
is such as to tend to push the conductors to the right.* 

* Left-hand rule for motors. Extend the thumb, forefinger and 
middle finger of the left hand at right angles to one another. If the 
forefinger points in the direction of the field flux and the middle finger 
in direction of the current in the wire, the thumb will indicate the 
direction in which the conductor is urged. 

541 
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But the conductors of phase A are imbedded in a stationary 
frame and cannot move to the right. Therefore the north 
pole I, being free to move, is urged to the left in a counter- 



Fia. 286 . Diagram of a two-phase four-pole synchronous motor of the 
revolving-field type. The reaction between the current in the stator 
winding and the field poles causes a torque which urges the field poles 
to rotate in a counter-clockwise direction. 

clockwise direction. Similarly the other poles, being di- 
rectly opposite the windings of phase A are being urged in 
a counter-clockwise direction. If each field pole is to rotate 
in synchronism with the alternations of the line currents, then 
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in one-quarter of a cycle later (90 electrical degrees) the 
poles must all move from under the conductors of phase A 
to the corresponding position under the conductors of phase 
B. Thus pole I would move to the left to a position under 
the three wires of phase B marked 1, pole II to a position 
under the three wires of phase B marked 2, etc. But by 
this time the conductors 1, 1, 1, of phase B will be carrying 
a maximum current of in, and conductors 2* 2, 2, a max- 
imum current of out, and the current in phase A will be 
zero. Thus the poles will receive a push in a counter-clock- 
wise direction from phase B. Similarly, after another period 
of 90 electrical degrees, pole I will be opposite the left side 
conductors of phase A, but the current now will have reached 
a maximum value in the opposite direction and will be flow- 
ing in, as it is 180 degrees since ix>le I was under the top 
coils. Thus again the poles receive an impetus in the counter- 
clockwise direction. 

Each pole is moved in this manner J of a revolution in 
J of a cycle, or J of a revolution in 1 cycle. The rotor thus 
makes 1 revolution every two cycles. If the frequency is 
60 cycles a second, the rotor makes or 30 revolutions a 
second or 1800 revolutions a minute. 

The speed of any synchronous motor can be computed as 
above or from the equation 

V 

where 

S = speed in r.p.m. 

/ = frequency in cycles per sec. 
p — number of pairs of poles. 

Thus the speed of our 4-pole motor on a 60-cycle line 
would be found as follows: 

a 60 X 60 
S 2 

= 1800 r.p.m. 



544 


ALTERNATING-CURRENT ELECTRICITY 


Prob. 1-8. At what speed will a 12-pole 3-phase 25-cycle 
synchronous motor operate? 

Prob. 2-8. How many poles must a synchronous motor have 
in order to operate at 514 r.p.m. on a 60-cycle line? 

* Prob. 3-8. At what speed will the motor of Prob. 2 operate on 
a 25-cyclc line? 

114. Counter E.M.F., Armature Current, and Synchro- 
nous Position* When in motion, the rotor of every motor 
always sets up a counter e.m.f. in the armature windings. 
Just as the e.m.f. impressed on the armature windings has 
approximately a sine wave-form, so the counter e.m.f. in- 
duced by the motion of the field poles has approximately a 
sine wave-form. The pole-face is so shaped and the armature 
conductors are so distributed that this form of wave is pro- 
duced. Therefore the current which flows in the armature 
winding is due to the resultant of the impressed voltage and 
the counter e.m.f., both of sine wave-form. If the phase of 
the counter e.m.f. were exactly opposite that of the impressed 
e.m.f., the resultant e.m.f. would always be exactly their 
arithmetical difference, as in a direct-current motor. 

But the counter e.m.f. can never be exactly opposite the 
impressed voltage in phase. That is, the armature conduc- 
tors are not being cut at the greatest rate by the rotating 
field at exactly the instant at which the impressed e.m.f. 
reaches its maximum, as it would appear from Fig. 286. 

We have said that at the instant shown in Fig. 286, the 
impressed e.m.f. in the conductors at the top is a maximum. 
As Fig. 286 is constructed, the induced counter e.m.f. must 
also b'fe a maximum at this instant. This exact condition 
of affairs can never exist in a real machine. Such a condi- 
tion would result in a power intake of almost zero and the 
machine would have to slow down. This can be seen from 
the following example in which we will compute the power 
intake on the assumption that the counter e.m.f. reaches its 
maximum at the same instant that the impressed e.m.f. is a 
maximum in the opposite direction. 
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Example 1 . . Let us assume that the capacity of the motor in 
Fig. 286 is 1600 kv-a., that the impressed voltage on phase A 
is 6500 volts, and that the counter e.m.f. is 6000 volts. Since 
we have assumed that the e.m.f ,’s both reach their maximum 
values at the same instant the vector E (in Fig. 287) representing 
the 6000 volts counter e.m.f. will be exactly opposite in direction 


Ei =-500 



❖ 

1—55.6 

Fm. 287. Vector diagram of the current per phase, counter e.m.f. and 
impressed e.m.f. of the synchronous motor of Fig. 286. The counter 
e.m.f. E is exactly opposite in phase to the impressed e.m.f. E x . The 
resultant e.m.f. Ei sends the armature current / through the armature 
windings. 

to E x which represents the 6500 impressed volts. The resulting 
voltage, which tends to send a current through the armature will 
l>e 500 volts, represented by E\ f in phase with the impressed voltage 
E x . 

The amount of current which E\ will send through the armature 
depends upon the synchronous impedance of the armature. The 
impedance of the armature of a synchronous motor is composed 
practically entirely of reactance, there being usually over fifty times 
as much reactance as resistance. Fair values for a 1500 kv-a. ma- 
chine for this voltage would be 9 ohms reactance and 0.100 ohm 
resistance per phase. 

The impedance = V9 2 + 0.100 2 
= 9 ohms. 

500 

The armature current per phase = -g- 

= 55.6 amp. 

This current of 55.6 amp. would lag behind the 500 volts by an 

9 

angle the tangent of which would equal or 90. This angle 

is 89° 21.6'. The vector 1 in Fig. 287 thus represents this current 
of 55.6 amperes lagging 89° 21.6' behind Ei. 
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The power received by the motor can now be found. 

P — E x cos 0 

= 6500 X 55.6 cos 89° 21.6' 

= 6500 X 55.6 X 0.0111 
= 4010 watts. 

The two phases would be supplied with only 2 X 4.01, or 8.02 kw. 
Even running light, a machine of this size must take between 30 
and 40 kilowatts to supply the various losses. Thus, if at the 
instant at which this motor was allowed to take power from the 
line, it was rotating in synchronism with its counter e.m.f. exactly 
opposite in phase to the impressed, it could not maintain this 
position, because it would not be drawing enough power from the 
line to overcome its own internal losses. It must therefore slow 
down, and if the power supplied to it does not then increase it must 
at length come to rest. 

Hut let us now examine the conditions when as they arc slowing 
down, the field poles have dropped back but 10° (in time) from the 



Fio. 288. Vector diagram for the conditions of the synchronous motor 
of Fig. 286 and 287, when the rotor has dropped back 10° from the 
position shown in Fig. 286 and 287. The resultant voltage E\ has 
now become 1200 volts and forces 133.2 amperes through the arma- 
ture windings. This current still lags 89° 21.6' behind the resultant 
voltage E\ but only 28° 54' behind the impressed voltage E x . 

position shown in Fig. 286. Assuming that the values of the in- 
duced a*id counter e.m.f. ’s remain the same as before, we can repre- 
sent the impressed 6500 volts by the vector E x , Fig. 288, and the 
counter e.m.f. of 6000 volts by the vector E , lagging 10° behind 
the position it had in Fig. 286 and 287. 

The resulting voltage E x = \/ E x 2 4- E 2 + 2 EJE cos 170° 

= 1200 volts. 

Current through armature = 

= 133.3 amp. 
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The angle a can be found from the cosine law for trangles.* 

6000 s = 1200 s + 6500 s - 2 X 1200 X 6500 cos a, 

1200 s 4- 6500 s - 6000 s 
008 “ 2 X 1200 X 6500 

= 0.493, 
a = 60° 28'. 

As before, 0 = 89° 21.6', 

0 = 89° 21.6' - 60° 28', 

= 28° 54' lagging. 

The power-factor, cos 0 ~ 0.875. 

Power received by phase A : 

P A = 6500 X 133.3 X cos 28° 54 
= 757 kw. 

Power received by two phases 
= 1514 kw. 

This power would be more than sufficient to supply all the losses. 
Thus the rotor would not only continue to turn in synchronism 
but could deliver some power to the shaft. In fact, if there were 
no load on the shaft, it would result in a dangerous condition of 
non-equilibrium for the rotor to get 10° behind the stator. The 
rotor would immediately surge ahead with great momentum and 
would be likely to start “ hunting. ” (See Art. 122.) The unloaded 
motor would therefore not be likely to drop back as much as 10°, 
but only until it reached a position at which the power intake would 
exactly equal the losses in the motoj\ On the other hand, if the 
total load on the motor were greater than 1514 kw., the rotor would 
fall back still further in order to take in more power. When it 
reached a position such that the intake exactly equaled the output 
plus the losses, the rotor would continue to rotate in synchronism 
with the frequency of the line. This running position of the rotor 
is called the synchronous position. 

115. Maximum Load for a Synchronous Motor. Con- 
stant Field. From the above it is seen that in order to 
carry an increased load, the rotor of a synchronous motor 
merely drops back with reference to the stator. But it must 
not be assumed this process of dropping back can proceed 
indefinitely and the motor carry an infinitely large load. 

* See page 510, First Course. 
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In order to determine the load limit of the motor, let us 
assume for simplicity that the field strength is such that the 
counter e.m.f. exactly equals the impressed e.m.f., 6500 volts/ 
and compute the armature current and power delivered by 
one phase of this two-phase motor, as the rotor drops further 
back'. Constructing diagrams similar to Fig. 288 and 289, 
we can compute the armature current and power input. The 
mechanical power which is developed in each phase can then 
be found by subtracting the I 2 R loss in the armature. Tabu- 
lating the results as in Table A, we note that the mechanical 
power developed by the motor continues to increase as the 
rotor drops back until there is a phase difference of approx- 
imately 90° between the rotor and the stator. At this 
position, the armature current is 1021 amperes and the power 
input, 4745 kw. per phase. The armature PR loss is 104 kw., 
and the power developed, 4641 kw. Any further dropping 
back causes the armature current to increase, but the in- 
crease in the armature PR loss and the large decrease in 
the power-factor cause the total mechanical power developed 
to decrease. 

Thus if we put a greater total load on this motor than 
4641 kw. per phase, the rotor would drop back more than 
90° in an attempt to carry it. This would cause a decrease 
in the power intake and therefore the load would be more 
than the power received by the motor. This would cause 
the rotor to stop. If the voltage were still maintained 
across the terminals, the excessive armature current would 
injure the windings. 

This 90° position of the rotor is called the “pull-out” 
position for this motor and the load at this position, the 
“ pull-out ” load. Synchronous motors are usually designed 
to operate at about one-fifth or one-sixth of the pull-out 
load because the machine is unstable at this point. Accord- 
ingly, the windings of a commercial machine are not heavy 
enough to carry the maximum load current except for a 
second or so without injury to the insulation. By inspection 
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of Table? A, it will bo soon that this motor, designed to carry 
^ i 'V I - or 750 kw. per phase, “pulls-out” at 4041 kw. or about 
o times the normal load. Note that the armature PR loss is 
104 kw. at the pull-out load but less than 1.(3 kw. at the 
normal load. It is easy to see how rapidly a machine de- 
signed for an PR loss of less than l.G kw. would heat up when 
this loss became 101 kw. 

It must, not be assumed that the “pull-out” |rt)sition of every 
synchronous motor must occur when the rotor lags 00° with resjK’ct 
to the stator, with the induced e.m.f. equal to the impressed e.m.f. 
This is true only when the synchronous armature reactance X is 
so much greater than the armature resistance R, that tin? armature 
current I lags approximately 00° behind the resultant voltage E i . 
Since this is the ruse in practically all modern synchronous motors, 
it is unnecessary to discuss examples in which the armature re- 
sistance is a larger fraction of the reactance 1 . It can he proved, 
however, that the maximum load always occurs when the rotor 

y 

has dropped hack through an angle whose value is are tan — or 
arc cos See Art. 110 and Fig. 293a. 

The effort of changing the field strength, and thereby 
changing the induced voltage, is explained in tin* succeeding 
articles. In general, a strong field increases the “pull-out” 
load while a weak field may greatly lessen it, because of the 
unstable condition which arises. 

Prob. 4-8. What would ho the; “pull-out” load (output per 
phase) on a synchronous motor if the field strength were; such that 
the counter e.m.f. per phase* was 3000 volts when the impressed 
e.m.f. was 3300 volts. Armature resistance is 0.15 ohm per # phase 
synchronous reactance, 7.5 ohms per phase. Plot a curve* between 
output and angle; A° (Table A) using as value's of X°, 70°, 75°, 80°, 
82°, 81°, XG°, 88°, 90°, 92°, 94°, 90°, 98°, 100°, 105°. 

Prob. 6-8. What input does e;ach phase; of the; motor in Prob. 4 
take* when the power-factor is 90 per cent lagging with the same 
fielel excitation as in Prob. 4? 

Prob. 6-8. What will be the; synchronous position e)f the rotor 
of the me>te>r in Prob. 5 under the conditions of that problem? 
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TABLE A 


Anglo 
through 
wliich 
rotor has 
dropped 
b;trk 

Resultant 
voltage in 

Cur- 

rent 

Anglo 

between 

impressed 

Power- 

Power 
delivered 
to motor 
per phase, 
kw. 

Arma- 

ture 

l*H 

Total 
mechani- 
cal power 

armature, 

£\. 

phase, 

voltage and 
current 

6°. 

factor. 

loss per 
plmsc, 
kw. 

developed 
per phase, 
kw. 

0° 

0 

0 

0 

0 

0 



5° 

567 

&3.0 

1° 51.6' 

0.9995 

409.3 

0.4 

408.9 

10° 

1,132 

1,695 

125.9 

4° 21.6' 

0.997 

815.9 

1.6 

814.3 

15° 

188.3 

6° 51.6' 

0.993 

1215 

3.5 

1211 .5 

30° 

3,365 

373.9 

14° 21.6' 

0.909 

2355 

14 

234 1 

00° 

6,500 

722.2 

29° 21.6' 

0.872 

3830 

52 

3778 

80° 

8,356 

928.4 

39° 21.6' 

0.773 

4060 

86 

4580 

00° 

9,191 

1021 

44° 21.6' 

0.715 

4745 

101 

4641 

100° 

9,960 

1107 

49° 21.6' 

0.051 

4093 

123 

4570 

110° 

10,048 

1183 

54° 21 .6' 

0.5S3 

4423 

140 

4283 

120° 

11,358 

1262 

59° 21 .6' 

0.510 

4180 

159 

4021 

150 ° 

12,557 

1395 

74° 21.0' 

0.270 

2445 

105 

2250 


116. General Effect of Varying the Field Strength of a 
Synchronous Motor. It thus is evident that although the 
rotor of a synchronous motor rotates in synchronism with 
the alternations of the line e.m.f. and current, still its posi- 
tion relative to the poles produced by the current in the 
armature windings depends upon the load, — the greater 
the load the further the induced e.m.f. lags behind the im- 
pressed e.m.f. This action is very unlike that of a direct- 
current shunt motor which diminishes in speed as the load 
is increased and thus produces less counter e.m.f., so that a 
greater part of the impressed e.m.f. can be used in sending 
current through the armature windings. Since the speed 
of a synchronous motor is constant, it cannot cause any de- 
crease* in the counter e.m.f., but must produce a resultant 
voltage by a change in the phase relations between the im- 
pressed e.m.f. and the counter e.m.f. Tn fact, the value of the 
counter e.m.f. is determined entirely by the strength of 
the field current, which can be controlled independently of 
the load on the motor. In Example 1, we have assumed 
that the field strength was great enough to produce a counter 
e.m.f. of 6000 volts at synchronous speed of the rotor when 
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the impressed e.m.f. was 0500 volts. By increasing the field 
strength, the counter e.m.f. may he made exactly equal to 
the impressed e.m.f., since the rotor cannot fall off in speed 
as the rotor of a direct-current, motor does. 

Let us assume that the phase relation of the counter e.m.f. 
remains the same as before, 180° 4- 10° behind the impressed 
e.m.f., and see the effect of making the counter e.m.f. equal 
the impressed e.m.f. 


/L, 



0=121.0' i — iar».n 


Firi. 2X9. Vector diagram of current, and voltage conditions of the 
synchronous motor shown in Fig. 2Xf>, 2X7 and 288, where the counter 
e.m.f. is made equal to the impressed e.m.f. ami has dropjKal back 10° 
from the position shown in Fig. 2X7. 

We construct Fig. 280, similar to Fig. 288, except that the 
counter e.m.f. N has a value of G500 volts equal to the im- 
pressed e.m.f. E x . 

The resultant voltage across the armature, 

Ei = V«500 2 + (5500 2 +'2 X 0500 2 cosT70° 

= 1133 volts. 


= 125.0 amp 



0 = 80° 21.fi' - 85° 
= 4° 21.fi' lagging. 

The power-factor: 

cos 0 = cos 4° 21.6' 

= 0.907. 
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The power received by phase A from the line wires at 
6500 volts: 

P A = G500 X 125.9 X 0.997 
= 815.9 kw. 

Notc^that the power received per phase, 815.9 kw., is some- 
what more than the 757 kw. it received when the field was 
weaker, and that the power-factor is greater, being now 0.997 
against 0.875 for the weaker field. The current has swung 
around a little nearer to the impressed voltage. 

By increasing the field strength still more, the counter 
e.m.f. may be further increased. Let us assume that we 



-- C500 

Fig. 200. Vector diagram showing the conditions when the counter 
e.m.t. hits been made 7500 volts, but the rotor position remains 10° 
behind the phase of the stator flux. 


increase the field strength enough to raise the counter e.m.f. 
to 7500 volts, having the same phase difference with the im- 
pressed e.m.f. as before. The resulting voltage K Xl big. 290, 
now becomes 1 


El =* ^SOO 2 + 65(H) 2 + 2 x 7500 X 6500 X cos 170 5 
= 1576 volts. 



= 175.1 atnp. 

cos <1 = 75002 + 1WW -J>500 2 
2 X 7500 X 1576 
= 0.697. 

Angle * = 45° 50'. 

a = 170° - 45° 50' 

= 124° 10'. 
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0 = 124° 10' - 89° 21.6' 

= 34° 48.4' leading. 

Power-factor* cos 0 = 0.821. 

Power delivered per phase to motor, 

P - 6500 X 175.1 X 0.821 
= 934 kw. 

Note that the power delivered to the motor has increased 
somewhat, but also that the motor is now taking a leading 
current. 

The power-factor of a synchronous motor can be controlled 
by means of the field, — a weak field producing a lagging 
current and a strong field a leading current. Of course the 
field may be so adjusted that the current is exactly in phase 
with the impressed voltage, and the power-factor is unity. 
In later articles this effect will be taken up in detail. 

117. Most Economical Field Excitation for a Given 
Load. V-Curves. In the above example we have allowed 
the field and load to change, keeping only the impressed 
voltage constant. We will now study the effect of keeping 
both the load and impressed voltage constant, and changing 
the field. 

Let us assume that the load on the motor is such that it 
has to draw 1500 kw. from the lino in order to operate at full 
load, i.e., 750 kw. per phase. As before, the impressed volt- 
age is 6500 volts. We will start with such a setting of the 
field rheostat that the field has the proper value to cause the 
armature current to have a lagging power-factor of 70 per 
cent, — that is, the armature current lags practically 45° 34' 
behind the impressed voltage. In order to draw 750 kw. 
from the 6500 volt mains at 70 per cent power-factor the 
750 000 > 

armature must draw Q 5 QQ x o 70 ~ amperes per phase. 

Thus in Fig. 291, draw vector OI to represent the armature 
current of 165 amperes, and E Xt 45° 34' ahead of 7, to repre- 
sent 6500 volts impressed on armature. In order to force 
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105 amperes through the 9 ohms impedance of the armature - 
the resultant voltage across the armature must be 9 X 105 
or 1485 volts. We have seen that the relation of the react/ 
ance to resistance is such in the armature that the armature 



Fin. 291. Vector diagram for determining the field strength (counter 
e.m.f. E) necessary to cause the armature to take a current of 165 
amperes lagging 45° 34' behind the impressed voltage E x . 

current always lags 89° 2 1 .6' behind the resultant voltage. In 
order to simplify our computations we will consider this angle 
to be 89° 22'. No appreciable error is caused by so doing. 

Therefore draw E Xi 89° 22' ahead of /, to represent the 
resultant voltage across the armature. Since IZ or E\ must 
be the resultant of the impressed voltage E x and the counter 
e.m.f., complete the parallelogram and find the counter 
e.m.f., E. 

To find the value of E, note that the line EiE x must be 
equal in length to E* The angle between E t and E x must 
equal 89° 22' - 45° 34' or 43° 48'. Writing the equation 
for the triangle E\OE x> we have 

E X E X = VEf+El - 2 E\E X cos 43° 48' 

= V1485 1 + 6500 s - 2 X 1485 X 0500 cos 43° 48' 

= 5524. 

E = 5524 volts. 

* The opposite sides of a parallelogram are always equal in length. 
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Therefore when we make the field strength such that the 
counter e.m.f. equals 5524 volts, the motor, operating under 
v constant load (power input) and voltage, draws 165 amperes 
from the line at 70 per cent lagging power-factor. 



Fig. 291a. Vector diagram for determining the field strength (counter 
e.m.f. E) when the motor takes the same power input as in Fig. 291 t 
but at a power-factor of 80% lagging. 

In a similar manner, let us determine the counter e.m.f. 
necessary to produce a power-factor of 80 per cent lagging 

with the same load and impressed voltage. 

* 

* x x 750,000" 

Armature current = 650Q x 0 ^ = 144 amp. 

Resultant e.m.f. = 9 X 144 = 1296 volts. 

In Fig. 291a, draw 

I = 144 amperes, 

E x = 6500 volts, leading I by 36° 52' {arc cos 0.80), 

Ex = 1296 volts, leading I by 89° 22'. 

Complete parallelogram and find E . 

E = VEx* + Ex 2 - 2ExE 9 coa 52° 30' 

= V1296* + 6500* - 2 X 1296 X 6500 X 0.609 
= 5802 volts. 
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Thus, when we strengthen the field so that the counter 
e.m.f. rises from 5524 to 5802 volts, the armature draws only 
144 amperes at a lagging power-factor of 80 per cent, instead ' 
of 165 at a lagging power-factor of 70 per cent with the motor 
running under the same load (power input) and voltage. 

In the same way, the field strength has been worked out 
for power-factor of 90 per cent lagging, unity power-factor, 
and 90, 80 and 70 per cent leading, the load (power input) 
and voltage of the motor being kept constant. The results 
are shown in the accompanying Table B. Note that as the 
field strength increases the current decreases and the power- 
factor continues to become greater. When the field strength 
has reached such a value that the power-factor becomes 
unity, the armature current becomes a minimum. Any 
further increase in the field strength causes the armature 
current to lead and reduces the power-factor. 


TABLE B 


Fiekl atroiiRth, 
counter e.m.f. 

Armature current 
per phoae. 

Power-factor. 

5524 volts 
5802 “ 

0080 “ 

6580 “ 

7070 “ 

7340 “ 

7610 “ 

165 amp. 

144 “ 

128 “ 

115.4 “ 

128 “ 

144 “ 

165 “ 

70% ) 

80% [ lag 
00% ) 

100% 

90% ) 

80% \ lead 
70%) 


The curve in Fig. 292, plotted between the armature 
current and field strength, has a general V-shape, and is 
known as the V-curve. of the synchronous motor. This curve 
shows that for a given load there is a certain field strength 
which will produce a minimum armature current called the 
normal current, when the motor has its full load. This 
strength of field is reached when the power-factor of the motor 
is unity, and is called the normal field excitation when the 
motor has its full load. 
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Fig. 292. The V-curve for the synchronous motor of Fig. 286-292, 

showing the relation between the armature current and the field 

strength at full load. 

Prob. 7—8- Replot curve of Fig. 292. On same sheet and to 
same scale plot similar curves showing the relation between arma- 
ture current (per phase) and field excitation (induced volts) in this 
motor for: 

(а) No load total for both phases (stray power loss plus PR loss 

at no load) equals 60 kw. 

(б) } rated load (input). 

(c) \ rated load (input). 

(d) | rated load (input). 

(e) li rated load (input). 

(J) rated load. (input). 

118. Relation Between Reactive Armature Current and 
the Field Strength. Constant Load. We have seen in the 
preceding article that when the field is excited above a cer- 
tain value, a leading reactive current in addition to the effec- 
tive current flows in the armature, and causes the resulting 
armature current to lead the impressed voltage. Similarly, 
under-excitation produces a lagging reactive armature cur- 
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rent which combines with the effective armature current and 
produces a lagging resultant current. Let us see what rela- 
tion the strength of these reactive component currents bears 
to the amount of over- or under-excitation. 

Table C is prepared from the data in Table B, the first 
column of the two tables being alike. Column 2 shows the 
percentage of over- or under-excitation at each power-factor. 
The field fluxjnust be directly proportional to the induced 
counter e.m.f., because the speed is constant. Column 3 is 
found by multiplying the normal armature current by the 
tangent of the angle of lead or lag. Thus at 70 per cent 
power-factor, leading, the current leads the voltage by 45° 34' 
(cos 45° 34' = 0.70). The total current equals 165 amp. 
The reactive current equals 165 sin 45° 34' or 118 amperes. 
Column 4 shows the percentage which the reactive current is 
of the normal current (which is 115.4 amperes). Note that 
when the field is 16 per cent under-excited the reactive cur- 


TABLE C 


Field strength, 
counter e.m.f. 

Per cent field 
strength over 
or under strength 
for unity power- 
factor. 

Reactive current, 
amperes. 

Per cent reactive 
current is of full- 
load current. 

5524 

16 ) 

118 

102.1 

5802 

12 > under 

86.5 

74.9 

6080 

7.3) 

56.0 

48.7 

6580 

0 

0 

0 

7070 

7.4 ) 

56.0 

48.7 

7340 

t 12 J over 

86.5 

74.9 

7610 

16 ) 

1 

118 

102.1 


rent is approximately 102 per cent. When we make the 
under-excitation 12 per cent or J as great, we likewise make 
the reactive current approximately 75 per cent or f as great. 

By inspection of the rest of the table we may draw the 
conclusion that: 

The reactive armature current is approximately proportional 
to the amount of over- or under-excitation of the fields. 
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By the use of this rule, it is possible to estimate the arma- 
ture currents and power-factors at all values of over- or 
under-excitations, if the power-factor is known for one value 
of over- or under-excitation. 

Prob. 8-8. The following data apply to a typical three-phase 
A-connected 2500-kv-a. synchronous motor. 


Voltage between terminals 6500 volts 

Armature resistance (per phase) 0.16*ohm 

Turns in field windings 1700 turns 

Field current at full load, unity power- 

factor 5.68 amperes 

Normal synchronous impedance (per 

phase) 13.3 ohms 


Determine by means of a vector diagram the counter c.m.f. at full 
load, normal current and normal voltage. 

Prob. 9-8. Determine from vector diagram the counter c.m.f. 
and reactive current at full load, normal voltage and 87 per cent 
lagging power-factor for the motor of Prob. 8 with it still receiving 
full-power-load input from the line. 

Prob. 10-8. What will be the kv-a. and power-factor of the 
motor of Prob. 8 if the field current is reduced to 5 amperes and 
the power load remains constant? Assume that the field flux is 
proportional to the field current. 

Prob. 11-8. Compute the power-factor and the kv-a. input of 
the motor in Prob. 8 if the field current is increased to 7 amperes 
and the power load remains constant. 

119. The Circle Diagram for the Synchronous Motor.* 
By means of circle diagrams similar to that for the induction 
motor, it is possible readily to note the effect caused by 
changes in the power-factor, field excitation and total intake, 
and to determine the limiting values of these quantities. 

Suppose that we wish to be able to see at a glance what 
effect will be produced upon the current and power-factor 
by changing the field excitation, assuming that the applied 

* This article is founded upon the discussion of the Blondel diagram 
in “ The Standard Handbook for Electrical Engineers,” Sec. 7-70. 
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voltage and the effective load are to be kept constant. We 
will use the typical constants which we have used in previous 
examples for a 1500-kw. 6500-volt two-phase motor. Arma- 
ture resistance = 0.100 ohm. Synchronous impedance = 
9.00 ohms. To show the condition at full load, 750 kw. per 
phase, construct Fig. 293a, as follows: 

Draw vector OA — E, = 6500 volts impressed. 

, ^ x , 750,000 

At unity p6wcr-factor, the current would be or 

115.4 amperes and in phase with OA. Draw vector 01 to rep- 
resent the current per phase. The pressure required to force 
115.4 amperes through the 9 ohms impedance would be 115.4 
X9 or 1039 volts. Draw vector OB at an angle to vector 

I of 89° 21.6' = arc cos ~ • In Fig. 293a this angle is made 

less than 89° 21.6' in order to bring point C within the limits 
of the page. Ei, for the sake of clearness, is drawn larger 
in proportion to E x than it actually is. For diagram drawn 
to scale, see Fig. 293b. The vector AB = E will then repre- 
sent topographically the counter e.m.f. or field excitation 
necessary to produce unity power-factor at full load. If we 
now lower the power-factor to cos 0, the current, in order to 
produce the same effective power intake, will be represented 
by the vector I x lagging 6 behind the impressed voltage E *. 
The voltage required to force this current through the 
armature will be represented by the vector OB x , leading h 
R "i 

by arc cos ^ • The vector AB X will represent the counter 

e.m.f. # (field excitation) which, in combination with the im- 
pressed voltage OA, will produce a resultant voltage of OB\. 
Similarly may be found the field excitations of AB* and AB 3 
necessary to produce other power-factors at the same kilo- 
watt intake. 

The points, B, Bi, B 3 , B a , etc., are found to lie in the cir- 
cumference of a circle, the center of which is C. This center 
C may be found by drawing the line CA at an angle to OA, 
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Fiu. !2!)3a. C'irele diagram for .synchronous motor. The vector OA 
represents the impressed voltage. The vectors AH, A Hi, A Hi and 
A Ha represent the field excitation necessary to produce the resultant 
voltages OH, ORi, OR* and OH 3 and the necessary armature cur- 
rents /, /,, etc., to maintain a constant power intake of 7 . r >( ) lew. c The 
points H, H t} Hi, H 3 , etc., all lie on a circle the radius of which is 

CD - CO - Oli = n ( K f - 

n\i n x , 

E x ~ impressed voltage. 

I* = constant, power intake. 

Z = synchronous impedance of armat ure. 

R = effective armature resistance. 

, li 

tf> — arc cos • 

Zt 
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the cosine of which is and extending it until it intersects 

/j 

iit- C the vector OB f which is drawn at an angle to OA , the 
cosine of which is also • 

The head of all vectors for field excitation ( E ) and for re- 
sultant voltage (/£i) for a total input of 750 kw. per phase? 
will lie on t.lft* circumference of this circle B :i , /i, B 2 , Bi. 
For any other constant input greater than 750 kw., the? heads 
of these vectors would lie on the circumference of a circle of 
a smaller radius, such as the circles P\ and in Fig. 293a, 
since tin? resultant voltage OB must increase as the load 
becomes larger. The greatest amount of power intake 1 would 
be indicated when the resultant voltage vector OB had in- 
creased to the value OC, and the 1 power circle became the 
point C. Of course this is an impractical condition, because 
the carrying capacity of the armature conductors would be 
surpassed long before the current value 1 required for this 
amount of power had been reached. For any constant in- 
put smaller than 750 kw., these points will lie in the circum- 
ference of a circle of larger diameter, because the vector 
OB decreases as the load becomes smaller. When OB be- 
comes zero, the power intake is zero and the circle? will pass 
through the points 0 ami .1. If the vector OB has a value 
less than zero (that is, a negative value), it must extend in 
the opposite? direction (180° from the position of Fig. 293a) 
and the power intake becomes a minus quantity, — that is, 
the ipachine is giving out power rather than taking it in and 
is acting as a generator rather than as a motor. Thus all area 
outside of the zero circle? represents generator power, and all 
area within the zero circle represents motor power. The 
radius for the zero power circle may be found from the 
equation 


Rado 


ZE S 
2 It 


E*_ m 

2 cos 0 
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Rado = radius of power circle wBen there is no power 
intake or output. 4 * 

E m * voltage per phase, appliedto motor. 

* The value for the radius of circle of zero power may be found aa 
follows: Construct Fig. A, which is a copy of the main outline of Fig. 
293a, drawing the line CM from C perpendicular to OA. Since the angle 

at% equals the angle at A fboth being equal to arc cos , CM bisects 

OA. OM thus equals • *C 

2 A 

Cos * = ^5-*-0C' j \ 

E. , / • \ 

2 OC’ j \ 

j \ 

but cos </> = ^ • f \ 

Therefore OC, which is the radius of &J \ 

the circle for zero power, f \ 

ZE X _ E s X 

■ 2 R 2 cos0* / V* \ 

Let Radj> be the radius for any o M j|. A 

other power circle when the resultant Fia. \ m Copy of main outline 
armature voltage is E x and the power Q f Fig. 293a and 293b. The 

intake is P at unity power-factor. radius of a power circle, when 

Then Radp «= BC * OC — E u ’ OA represents the impressed 
Ei -» IZ t voltage and OB the resultant 

T P , . .. . . x voltage across the armature, 

1 - w, (at Umty P°wer-factor). w QC - OB. 


Therefore 


Et P^ 

Eita “E : 9 


-it- 


f/B. 


Therefore 


Radp 



564 


alternating-current electricity 


Z = synchronous impedance per phase in ohms. 

R = equivalent resistance per phase in ohms. 

0 = angle of lag of armature current behind resultant 
voltage per phase. 

R 

= arc cos ^ • 

The value of the radius for any power circle may be found 

from the equation 

* _ . Z (E x PR\ 

Radp = Ti\-*-Tr x )’ 

in which Radp — radius of circle for constant power intake 
of P watts. When any vector of the resultant armature volt- 
age, as OB, lies along the line OC , the current vector lies 
along the vector of the impressed voltage E x and the power- 
factor is unity. When any resultant voltage vector as OBi 
and Oft falls to the right of OC, the current vector h falls 
the same number of degrees below the vector of impressed 
voltage E x and the power-factor is lagging and less than 
unity. Note that the angle 9\, between OB, and Oft , equals 
the angle 6 between E x and 1 Thus cos 0 i can be used as 
the power-factor when the field excitation has the value 
represented by the vector ABi. 

Similarly when any vector of the resultant voltage such as 
Oft falls to the left of the* line OC, the power-factor is lead- 
ing and equal to the cosine of the angle between Oft and 00. 

In Fig. 293b, the lines are drawn to scale and the angles 
are correct. Note that the angle 0 is so nearly 90° that the 
point 0 lies several feet off the page. The arcs of the power 
circles are accordingly very nearly straight lines. 

The dotted circles show the effect of increasing the load 
while keeping the field excitation constant. The point B 
moves around in a circle about the point A . Thus for a 
constant field excitation producing 5000 volts counter c.m.f., 
as the load starts from zero and increases with a larger and 
larger intake, the path of the point B is along the arc of the 
circle ft, ft, ft, ft, ft, ft. ... At any particular load as 
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for 2000 kw. intake, the value of the resultant voltage can 
be found by drawing vector OB*. Dividing the value of 
the vector by the synchronous impedance gives the current, 
and the cosine of the angle $ is the power-factor. Note that 
the maximum power is delivered at constant field ejccita- 



the correct angles. The arcs of circles drawn about A as center rep- 
resent the paths of the ends of vectors of constant field excitation as 
the rotor drops back on account of greater loads being put on the rotor. 

tion, when vector for the counter e.m.f. lies along the line 
CA, — that is, when the counter e.m.f. has dropped back from 
a phase position directly opposite to that of E x by an angle 
R 

whose cosine is If the vector E is compelled to drop 
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further back, that is, to pass to the right of the line CM, the 
point B will lie on smaller power circles. This shows that 
the motor can take in no more power than that indicated by 
power circle on which the point B falls when E lies along 
the line AC. Note that point B 7 lies on a smaller power 
circle than does 2 ?q. Note also that the maximum load for a 
field excitation of 6500 volts is between 4000 and 5000 kw. 
This agrees closely with the results shown in Table A, Art. 
115. The region, therefore, to the right of line AC represents 
a condition of unstable operation. 

Note too, that for a given excitation the power-factor de- 
pends upon the load, although the excitation must attain a 
certain value before it is possible to produce unity power- 
factor or a leading power-factor. Thus, in this case, the 
counter e.m.f. must be more than 6500 volts before it is 
possible to produce unity power-factor at any load. But at 
a field excitation corresponding to 7500 volts counter e.m.f., 
the power-factor will be leading for all loads below 2700 kw. 
and lagging for all loads above that value. 

It should also be noted that the vectors from O to the 
various B points not only represent the resultant voltage 
but may also represent the current, since the current is pro- 
portional to the resultant voltage. It merely requires that, 
to determine the value of’ the current, the vectors OB must 
be scaled off to a different scale than that used in scaling 
them to determine the value of the resultant voltage. 

Prob. 12-8. Compute the value of the radius of the circle for 
zero power circle in Fig. 293b. 

Prob. 13-8. Compute the value of the radius for the 1000-kw. 
power circle in Fig. 293b. 

Prob. 14-8. The following measurements were made on a three- 
phase synchronous motor. 

Synchronous reactance, 8.20 ohms per phase. 

Effective resistance, 0.40 ohm per phase. 

Applied voltage between terminals (Y-connected) 4400 volts. 
Construct circle diagram similar to Fig. 293b, using a scale of 
1 inch = 1000 volts. 
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Prob. 15-8. Determine from circle diagram of Prob. 14-8. 

(а) The pull-out load (intake) when the counter voltage equals 
the applied voltage. 

(б) At the same counter voltage as in (a), the power-factor at £ 
the pull-out load. Call this the' rated intake. 

(c) The current at the load in (6). 

Prob. 18-8. What must be the counter voltage in the motor of 
Prob. 14-8: 

(а) To produce unity power-factor at the rated load? 

(б) To produce leading power-factor of 95 per cent at rated load? 

Prob. 17-8. Determine from the circle diagram the currents 

for the conditions of (a) and (6) in Prob. 16-8. 

Prob. 18-8. Determine the total motor effect of the motor 
under conditions: 

(a) Of Prob. 15 (6). 

(b) Of Prob. 16 (a). 

(c) Of Prob. 16 (6). 

120. Phase Modifiers (Synchronous Condensers). The 
fact that the alternating current taken by a synchronous 
motor may be made either to lead or to lag with respect to 
the impressed voltage by means of the field control, is made 
use of in order to bring the current in transmission lines 
more nearly into phase with the voltage, thereby improving 
the power-factor and increasing the kilowatt capacity of the 
line. 

Thus if the line is feeding induction motors, the line cur- 
rent will lag behind the line voltage, and the power-factor 
will be low. This results in a relatively large line current 
for a given kilowatt load. By replacing some of the induc- 
tion motors with over-excited synchronous motors or by 
adding to the line over-excited synchronous motors of 
sufficient size, the lagging reactive currents for the induction 
motors may be neutralized by the leading reactive current 
taken by the synchronous motors. Stated in other words: 
When the synchronous condenser is used in parallel with in- 
duction motors to improve the power-factor pf the line — to 
m&ke it unity, let us say, — in reality neither the condenser 
nor the induction motors take any reactive current from the 
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generator or from the transmission line between the gener- 
ator and the point at which the condenser and the induction 
motors are placed. What really happens is that just at the 
instants in each cycle when the induction motor requires 
reactive power, the condenser is ready to give up reactive 
power and vice versa. So that the necessary reactive power 
circulates between the condenser and the induction motors 
without traveling through the generator or over the trans- 
mission line. Synchronous motors so used are called phase 
modifiers or synchronous condensers. They may be used 
wholly to better the power-factor of the system, or they may 
perform the double duty of bettering the power-factor and of 
delivering a mechanical load. This mechanical load may be 
used for the purpose of supplying power to shops, mills, etc., 
or for driving a direct-current generator in order to convert 
the alternating current supplied to the motor into direct 
current. When used for the latter purpose, the synchro- 
nous motor is usually direct-connected to the direct-current 
generator and the combination is called a motor-generator 
converter. For further details concerning this device see 
Chapter IX. 

Again, if a generator is already supplying its maximum kil- 
ovolt-ampere load to induction motors, a synchronous motor 
can be used to add to the * effective power supplied by the 
generator without increasing the kilovolt-ampere load. This 
is of particular advantage when it is desired to expand the 
plant without adding to the generator and distribution 
cost. 

A synchronous condenser should be installed at the same 
point as the load in order that the reactive power shall have 
to circulate through as little of the conductors as possible and 
the whole line and all apparatus connected to it, between the 
load and the generator, will receive the benefit of the power- 
factor correctiqn. Placing the condenser at the generator 
end economizes on generator capacity and losses, but not on 
transmission line capacity and losses. Furthermore, the 
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motor may be used for mechanical purposes to greater ad- 
vantage at the load end. 

Prob. 19-8. A certain plant equipped with 60-cycle induction 
motors uses 1000 kw. at 80 per cent power-factor. What kv-a. 
synchronous condenser would be required to raise the power-factor 
of the plant to unity? See data of Prob. 20-8. 

Prob. 20-8. The losses in synchronous motors may be assumed 
to decrease regularly from 8 per cent in 200 kv-a. . motors to 4 per 
cent in 1000 kv-a. machines. (G. E. Review, June, 1914.) 

(a) What would be the total kilowatt load in the plant in Prob. 
19 before the condenser was installed? 

(6) After the condenser was installed? 

(c) What would be the total kilovolt-ampere load before the con- 
denser was installed? 

(< d ) After the condenser was installed? 

(e) At what power-factor would the synchronous condenser be 
operating? 

Prob. 21-8. If it had been desired to raise the power-factor of 
the plant in Prob. 19 to 90 per cent only, what kilovolt-ampere 
synchronous condenser would have been needed? 

Prob. 22-8. Apply the questions in Prob. 20 to the conditions 
of Prob. 21. 

Prob. 23-8. If it is desired to maintain the same kilovolt- 
amjxjre load at 90 per cent power-factor in Prob. 21-8 as when the 
induction motors only were running, the additional load being in the 
form of a mechanical load on the synchronous condenser, what size 
(kilovolt-ampere) condenser should be installed? 

Prob. 24-8. (a) What effective power would be available as 

output from the synchronous motor in Prob. 23? 

( b ) At what power-factor would the synchronous motor operate? 

Prob. 26-8. What kilovolt-ampere synchronous condenser should 
be installed in Prob. 19 so that the power plant would-be deliver- 
ing the maximum effective power and still not increase the total 
kilovolt-ampere output, the additional load being in the form of a 
mechanical load on the synchronous condenser? 

Prob. 26-8. (a) At what power-factor would the synchronous 

motor in Prob. 25 be operating? 

(6) How much would the effective power output of the plant be 
increased? 
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121. Constant-Voltage Transmission. Synchronous Re- 
actor. A synchronous motor may be used at any point 
in a transmission line to keep the voltage at that point con- 
stant. When the line is carrying a large load with a low 
power-factor the motor is over-excited enough to produce a 
leading current large enough to counteract the inductive 
reactive component of the line current and thus reduce the 
resulting line current. When the line is carrying a small 
load, the synchronous • motor is under-excited so that it 
draws lagging current enough to maintain a line drop be- 
tween the generator and motor equal to the full load line 
drop. The changes in the field of motor are usually made 
automatically by a Tirrill regulator. A synchronous motor 
so used is often called a synchronous reactor. Several in- 
stallations are already successfully using this method of line 
voltage regulation.* 

The advantages of this scheme are summarized as follows 
in the “Electric Journal/’ September, 1915: 

“While the use of the synchronous motor to improve the 
power-factor at full load makes possible an increase of load 
with the same regulation of the line from no load to full load, 
the elimination of this regulation and the substitution of a 
constant difference of voltage between the power house and 
the terminal station by use of a motor to supply lagging 
current, and so lower the power-factor at light load, is desir- 
able from the operating point of view, for the following 
reasons: 

1. Automatic compounding of the generating station voltage is 
done away- with and constant voltage, automatically controlled, 
is substituted. Apparatus for the latter condition may be relied 
on. 

* See H. B. Dwight in the Electric Journal, Sept., 1914; L. A. 
Herdt and E. G. Burr in the Electric Journal, Sept., 1915; H. L. Un- 
land in the General Electric Review, June, 1914; H. B. Dwight, “ Con- 
stant Voltage Transmission. 
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2 . Extreme overload capacity of lines in case of emergency, and 
control from the terminal station. 

3. Telephoning between power house and terminal station is 
greatly reduced, as the voltage of the distribution bus is controlled 
in the terminal station. 

4. Voltage of the line is steady and lightning arresters may be 

set closer with increased protection to insulators and apparatus. 
From this point of view, it is important to arrange the switching so 
that the motor is part of the line unit in case automatic relays are 
used on the line oil switches. ' 

5. Loads may be supplied at intermediate points on the line 
with steady voltage. ” 

If a synchronous motor so used is required to carry a 
mechanical load also, it must be protected from sudden in- 
crease of load when running on a weak field, as it is likely to 
be thrown out of step. If the field is very weak, a large 
mechanical load, even though applied gradually, may cause 
the rotor to slip beyond the pull-out position and cause it to 
drop out of step. 

The following example, based on data given in the General 
Electric Review for June, 1914, illustrates the means by 
which these results are accomplished. 

Example 2. The constants for a 30-mile, three-phase transmis- 
sion line are as follows: 

Copper cables, No. 000, effective spac- 
ing 

Reactance to neutral of each cable. . . 

Resistance of each cable 

Reactance of each transformer re- 
ferred to high-tension side 

Resistance of each transformer re- 
ferred to high-tension side 

Voltage (to neutral) 

Rated capacity of each transformer 
at each end of line 


Power-factor of load 


36 inches 
19.55 ohms 
10.73 

9 ohms 

1.5 ohms 

30,000 volts, 60 cycles 

6000 kv-a. (line to neu- 
tral: transformers Y- 
connected) 

75 per cent 
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What size synchronous motor is required at receiving end in order 
to maintain this end at constant voltage? Neglect capacitance of 
the line. 

Total line reactance per conductor = 9 + 9-4“ 19.56 

= 37.55 ohms. 

Total line resistance per conductor = 1.5 + 1.5 + 10.73 

= 13.73 ohms. 

Line current at full load (75 per cent power-factor) 

_ 6,000,000 
30,000 
= 200 amp. 

Reactive component of current = 200 sine 41° 25' 

= 132.3 amperes. 



a transmission line, carrying 200 amperes with a pressure of OA at 
the receiving end. No synchronous reactor is used in this case. 


Construct Fig. 294, drawing OA to represent E\ or 30,000 volts 
(to neutral) at receiving end. 01 represents the line current of 
200 amperes, lagging 41° 25' behind E\. AD drawn parallel to 01 
represents the resistance drop of 13.73 X 200 or 2746 volts in phase 
with Of. DC drawn at right angles (leading) to OI represents the 
reactance drop of 37.55 X 200 or 7510 volts. 

Since OC equals the voltage to neutral at the sending end, 


OC 

OB 

AB 


VOB* + BC 2 — 2 OB x BC cos |_B. 
OA+AB. 

2746 

008 41° 25' 

> 3660 volts. 


OB =» 30,000 + 3660 = 33,660 volts. 
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BC ■= DC — Dfi. 

DB = 2746 tan 41® 25' 

= 2420. 

BC = 7510 - 2420 
= 5090 volts. 
l« = 90° + 41° 25' 

= 131° 25'. 

OC = y/ 33,660* + 5090 s - 2 X 33,660 X 5090 cos 131° 25' 

= 37,210 volts. 

The line drop is therefore 37,210 — 30,000 ~ 7210 volts when no 
synchronous condenser is used. 

7210 

The voltage regulation thus equals - — = 24.03 per cent. 

30,000 



Fig. 295. The vector OC represents the voltage at the sending end of 
the line in Fig. 294, when a synchronous reactor is used to raise the 
full-load power-f actor to unity. 

Let us now add to the receiving end a synchronous motor 
which can be over-excited so that it takes a leading current 
of 132 amperes. This leading current will counteract the 
reactive component (132 amperes) of the load current. The 
line current will now be the resultant of the load current 
200 amperes lagging 41° 25' behind the voltage to neutral, 
and the leading reactive current of 132 amperes leading the 
voltage by 90°. In Fig. 295, this resultant is represented 
by the vector OK and is seen to be equal to 150 amperes. 
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The resistance line drop now equals the vector AD, in phase 
with the resulting current 
AD = 13.73 X 150 
= 2060 volts. 

The reactance line drop DC = 37.55 X 150 

= 5633 volts. 

The voltage at the sending end will now have to be 
OC .= v'COA + ADy+~DC* 

« 32,520 volts. 

Vhe Va mamtamed constant the line 

t\rov> Wcomca only 32,520 - 30,000 or 2520 vote. As- 
suming ttie field of the synchronous motor to be controlled so 
that it always supplies the reactive power of the load as the 
oad and terminal voltage change, the regulation from no 
load to full load equals 


2520 

30,000 38 8,4 per 

We may however, weaken the field of the synchronous re- 
actor so that as the useful load on the transformer becomes 
zero, the current taken by the synchronous reactor lags and 
becomes just sufficient to cause a line drop of 2520 volts. 

r y wn a8e o^ he r ^ eivin S en<1 will thus remain constant 
at 32,520 - 2520 or 30,000 volts. 

uctrn rrnSTT ^ ’ ilgging current the synchronous re- 
rent l-iirs a °* WG ^ aV ° t0 rem ember that when the cur- 
rent lags approximately 90°, the greatest line drop is due to 

In F%296 ^ reaCtanCe drop wiU lead the current by 90°. 

• tagging reactive current taken ■ by synchronous 

“ n ‘ e L T when there ta no load on the line 
v,30 behind the terminal e.m.f.). 

apprelwblyTffc^thrva!^ 68 “ ^ 8ynchronoua motor > which do not 
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AD = component of e.m.f. impressed on line, consumed 
in overcoming inductive reaction of the line, due 
to Oh (leading Oh by 90°). 

DC = component of e.m.f. impressed on line, consumed 
in overcoming resistance reaction of the line, due 
to OIi (in phase with Oh ). 

OC = total e.m.f. that must be impressed upon line in 
order to give OA volts at end of line, after over- 
coming line reaction due to resistance and in- 



line a current /* of 67.1 amp. lagging 90° behind the impressed voltage 
Ei. The voltage to send this lagging current against the line reac- 
tance equals 2520 volts in phase with the impressed voltage. There 
are also 922 volts used to overcome the line resistance. The generator 
voltage E must be the vector sum of these quantities. 

Since the current lags 90°* behind the impressed voltage, 
as seen from Fig. 296, the reactance drop AD, due to this 
lagging current, neglecting the losses of the synchronous con- 
denser, will be in phase with the impressed voltage. Since 
the resistance drop is but a small part of the total drop and 
at 90° to the line voltage, it does not appreciably affect the 
total drop OC. 

Thus the lagging current for the reactor must be made 
great enough to produce approximately 2500 volts reactance 
drop, or 

T 2520 
* ~ 37.55 
= 67.1 amp. 
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The resistance drop then equals 

DC = 67.1 X 13.73 
= 922 volts. 

The generator voltage then checks: 

OC = V(30,000 + 2520) 2 -f 922 2 
= 32,530 volts. 

Thus we see that the voltage at the load end of the line 
will have the* same value (30,000 volts) at full load and at 
zero load while the e.m.f. of the generator remains constant 
at 32,520 volts, provided the field excitation of the syn- 
chronous condenser be changed in accordance with the load so 
as to produce a lagging reactive current of 67.1 amp. at zero 
load and a leading reactive current of 132 amperes at full 
load. 

In order to produce this result, we must use a synchronous 
motor which will deliver a maximum leading current of 132 
amp. and a maximum lagging current of 67.1 amp. It must 
therefore be able to supply per phase 

132 X 30,000 = 3960 kv-a. 

leading reactive power, or about 12,000 leading kv-a. for 
three phases. 

67.1 X 30,000 ,= 2013 kv-a. 

lagging reactive power, or about 6000 lagging kv-a. for three 
phases. 

At the various points between full load, 75 per cent power- 
factor and zero load, the field of the synchronous motor can 
be adjusted either manually or automatically so that it draws 
sufficient current from the line at the proper power-factor to 
produce 2520 volts line drop, and thus maintain a constant 
voltage (30,000) at the receiving end. 

It must not be assumed that the most economical equip- 
ment requires condenser capacity great enough to produce 
unity power-factor at full load. It is usually more economical 
to supply a smaller synchronous reactor and operate at less 
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than unity power-factor at all loads. For methods of deter- 
mining the most economical size of reactor, see articles 
referred to at bottom of page 570. 

Prob. 27-8. What kv-a. will the synchronous reactor of Ex- 
ample 2 have to take in order to maintain a voltage of 30,000 volts 
at the receiving end, where the useful total load (three phase) is 
2500 kw. at 80 per cent power-factor? 

Prob. 28-8. Compute the kv-a. capacity of tlje synchronous 
reactor necessary to maintain a constant voltage at the receiving 
end of the line in Example 2, taking into account the capacitance 
of the line. 

Prob. 29-8. Compute the kv-a. capacity of a synchronous 
reactor necessary to maintain a constant voltage at the load ter- 
minals of a three-phase line under the following conditions, which 
are fairly representative of good practice. The power-factor of 
the generator is to be 98 per cent lagging on full load. (Data from 
the Electric Journal, Sept., 1914.) 


Length of line 200 miles 

Conductor (copper cable) 400,000 cir. mils 

Spacing (effective) 20 feet 

Constant supply voltage 150,000 volts 

Constant receiver voltage 110,000 volts 

Resistance per conductor including 

transformers and protective coils. . 31.8 ohms 

Reactance per conductor including 

transformers and protective coils . . 244.4 ohms 

Full load delivered at receive^ 50,000 kw. 

Power-factor of load 85 per cent 

Frequency 60 cycles 


122. Hunting of Synchronous Motors. Damping Grids. 

We have seen that when a synchronous motor is in operation, 
the rotor always revolves at a speed in synchronism with the 
alternations of e.m.f. on the line. The induced e.m.f. and 
the impressed e.m.f. thus always maintain the same phase 
relation to each other, when the load remains unchanged, — 
the e.m.f. induced in the armature Windings always being at 
such a phase angle with the impressed e.m.f. that the result- 
ing e.m.f. sends sufficient current through the armature to 
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produce the torque required to carry the load. In other 
words, for a constant load, the synchronous position remains 
unchanged. As the load is increased or decreased, the rotor 
drops back or surges forward to a new synchronous position. 
But as it takes time to start the rotor in its motion from one 
position to another, for a small fraction of a second it is 
out of step. Thus if a load has been added to the rotor, for 
a small fraction of a second it is ahead of the synchronous 
position and thus is not carrying enough current to maintain 
the torque required for the increased load. In dropping back, 
it has acquired a relative velocity backward and cannot stop 
the instant it reaches the desired synchronous position but 
is carried beyond by its own momentum. This causes it to 
take a current larger than necessary to carry the load, and 
it immediately surges ahead. Its acquired velocity in this 
direction again causes it to pass by the synchronous position. 
Thus it may surge back and forth across the synchronous 
position, even while the synchronous position is swinging 
around at synchronous speed. Any extra impulse, such as a 
slight periodic raising or lowering of the voltage, may be 
sufficient .to increase these pulsations to such an extent that 
the rotor is thrown out of step. This oscillation about the 
synchronous position is called Hunting and unless special 
means are taken to stop it; it may prevent the machine 
from being operated as a synchronous motor. It is caused 
not only by sudden increase in load, but also by the pulsa- 
tion in the motion of the engines driving the generators. 
These pulsations cause the frequency of the impressed e.m.f. 
to bfe uneven and thus change the phase relations between 
the impressed e.m.f. and the induced e.m.f. In general, the 
larger and heavier the rotor, the less likelihood there is of 
hunting, — the flywheel effect tending to hold the motion 
steady. 

Hunting is effectually eliminated by means of damping 
grids, or squirrel-cage windings built into the pole faces of 
the motor. Fig. 241. and 297 show the construction of such 
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a grid. A yoke, usually of bronze, surrounds the pole, while 
copper bars are sunk into the laminations of the face. In 
this way several paths of low resistance are formed around 
all portions of the pole. As long as the rotor revolves in 
synchronism with the frequency of the impressed e.m.f. 



Fie. Tin* pole face of a synchronous motor showing the (lamping 

grid, whirl) is used to prevent hunting. The General Electric Co. 

there is no relative motion between the armature flux and the 
pole faces. Thus no current would be set up in the grid 
windings. T5ut if the rotor hunts, the flux from the wind- 
ings moves across the pole face in one direction or the other 
and currents arc' sot up in those circuits, which produce a 
torque opposing the oscillations of the rotor. 

122a. Starting Synchronous Motors. Synchronous 
motors are difficult to start. If a current is sent through 
the armature windings, the torque which it produces reverses 
its direction 50 or 120 times per second, depending on the 
frequency of the system. In order to receive the impulses 
from the armature in the proper direction, the rotor must 
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start from rest, and move the distance of the pole pitch in 
A of a second, if the frequency of line currents is 25 cycles 
j)er second. It is impossible to construct a rotor of com- 
mercial size which will do this. Single-phase motors there- 
fore arc started by some outside source of power, usually a 
small induction motor, with a smaller number of poles, on the 
same shaft. If polyphase synchronous motors are fitted with 
damping grids, .they may be started by the induction-motor 
action of the armature current on the circuits of these grids.* 
In this case the field is not excited and a reduced e.m.f. is 
impressed on tin* armature. The rotor acts exactly ns the 
rotor of an induction motor. A slight torque is also pro- 
duced in the same way by the' eddy currents in the iron of 
the pole face's and pole pieces. For detailed direction for 
starting see Art. 1 Hi, on starting synchronous converters. 

* See ('huptcr VII, Ait. 1)1. 
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THE SYNCHRONOUS MOTOR has the same construction 
as an alternating-current generator, and is usually of the re- 
volving field type. If the rotor of such a machine is revolving 
at synchronous speed, and the alternating current is maintained 
in the armature, a torque is exerted by the interaction between 
the rotor fields and the revolving fields produced by the arma- 
ture current, which keeps the speed up to synchronism until 
the machine is greatly overloaded. 

THE ARMATURE CURRENT is proportional to the result- 
ant of the impressed e.m.f. and the counter e.m.f. induced in 
the armature windings by the revolving field. 

THE COUNTER E.M.F. depends in value upon the field 
excitation, since the speed of the field poles is constant at all 
loads. It does not, therefore, change in value as the load on 
the motor is increased. It merely comes more nearly into 
phase with the impressed e.m.f. so that the resultant voltage is 
increased and a greater armature current results. 

THE ROTOR FALLS BACK as the load is increased and pro- 
duces the necessary change in phase relation between the 
counter and the impressed e.m.f. in order to increase the result- 
ant e.m.f. The position which the field poles occupy in space 
with regard to the revolving poles set up by the armature current 
is called the synchronous position. * 

THE MAXIMUM OR “ PULL-OUT ” LOAD occurs when 
the rotor has dropped back through an angle which has the 

value arc tan In this expression, X is the synchronous 

reactance of the armature and JR the effective resistance. In 

X 

modern machines the value of - is usually between 00 and 100 

Jtc 

X 

and thus arc tan — is approximately 90°. The normal load of 
sC 

such machines is usually about i or & of the maximum load, the 
machine being unstable in the neighborhood of maximum load. 

VARYING THE FIELD EXCITATION changes the phase 
relation between the impressed voltage and the armature 
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current, — a weak field causing the current to lag, and a strong 
field, to lead. For a given load, that field strength which 
produces unity power-factor results in the lowest armature 
current; the reactive armature current being approximately 
proportional to the amount of over- or under-excitation. 

A .CIRCLE DIAGRAM can be used for determining operating 
characteristics of a synchronous motor under varying condi- 
tions of load and field excitation. 

SYNCHRONOUS MOTORS ARE USED TO MODIFY THE 
PHASE RELATION between the current and voltage of trans- 
mission lines. When performing this duty they are called 
synchronous condensers, and may also carry a motor load at 
the same time. An over-excited synchronous motor will 
supply the lagging reactive power to induction motors. The 
line has then to transmit the effective power only. Thus a 
saving in generator capacity, line loss, etc., is made. 

SYNCHRONOUS MOTORS ARE USED TO MAINTAIN 
CONSTANT VOLTAGE at given points in a transmission line. 
The synchronous motor will produce nearly unity power-factor 
at full load, but, with a proper reduction of the field excitation, 
will draw sufficient lagging current from the line to produce 
the same line drop from zero load to full load. The field excita- 
tion may be controlled manually or automatically. 

HUNTING IS THE TERM APPLIED TO AN OSCILLATING 
MOTION OF THE ROTOR back and forth across the synchro- 
nous position. It may be caused by a sudden increase of load 
on the rotor or by the pulsation of the prime movers, which 
produce an uneven frequency. It may become great enough 
to pull the machine out of step, if nof stopped or damped. 
Hunting is effectively eliminated by damping grids inserted in 
the pole faces. 

A POLYPHASE SYNCHRONOUS MOTOR MAY BE 
STARTED as an induction motor on low voltage, if equipped 
with damping grids. A single phase motor requires an auxil- 
iary starting motor. 



PROBLEMS ON CHAPTER VHI 


Prob. 30-8. The following data may be taken as typical for a 


synchronous motor: 

Rated capacity 2500 kv-a. 

Normal voltage (between terminals). 2300 volts 

Connection Star 

Armature resistance (per phase) 0.022 olim 

Field turns 1800 turns 

Normal field current 4.35 amp. 

Synchronous impedance per phase. . . 0.92 ohm 


Determine the counter e.m.f. at full load, unity power-factor and 
normal voltage. 

Prob. 31-8. Compute the counter e.m.f., field current, and re- 
active current of the motor in Prob. 30-8 at half load (kv-a.) and 
normal voltage, when there is a leading power-factor of 80 per cent 
at the terminals. Assume the field flux to be proportional to the 
field current, and the kw. input to be the same in all three cases. 

(6) When the field current of the motor in (a) is increased to 
6 amperes, what will be the kilovolt-amperes intake and the power- 
factor? 

(c) If the field current of the motor in (a) is reduced to 3.5 
amperes, what will be the kilovolt-ampere input and the power- 
factor? * 

Prob. 32-8. How much reactive power will the motor of Prob. 
31 (c) draw from the line? 

Prob. 33-8. (a) What must be the field current of the motor 

in Prob. 31 in order that the motor draw 2000 kv-a. corrective 
leading reactive power from the line? , 

(b) How much total effective power (input) is then available 
for a motor load, when drawing 1000 kw. as in that problem? 
Note that to load (by power component) while still correcting 
2000 kv-a. will require some additional field excitation. 

Prob. 34-8. (a) Assuming that the field excitation of the motor 
of Prob. 30-8 nan be increased to 150 per cent of the normal value, 
what will be the “pull-out” load at this excitation? 

(6) What percentage is the rated full load of the pull-out load? 

583 
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Prob. 35-8. Determine the proper capacity of synchronous 
motors which will maintain the voltage constant at the receiving 
end of a line having the following constants: 


Length of line 120 miles 

Power transmitted 32,100 kw. 

Power-factor of load SO per cent 

Number of phases 3 (star) 

Conductors (copper cables) 300,000 cir. mils 

Spacing (effective) . . . / 14 feet 

Frequency 60 cycles 

Voltage at receiving end 95,000 volts 

Voltage at generating end 110,000 volts 

Reactive drop in transformers at each 

end at normal rated current 6 per cent each 

Resistance drop in transformers at 

each end at normal rated current . . 0.75 per cent each 

Power-factor of generators at full load 100 per cent 


Prob. 36-8. A three-phase transmission line 140 miles long lias 
the following constants : 


Power transmitted 15,000 kw. 

Pressure at receiving end 104,000 volts 

Frequency 60 cycles 


Conductors are No. 00 stranded copper, arranged in a vertical 
plane spaced 96 inches apart. Each transformer has 6 per cent 
reactance, and 1 per cent resistance drop. Total reactance of 
protective coils is 10 per cent*; resistance, 0.5 per cent. Compute 
the regulation of this line at full load, 85 per cent power-factor. 

Prob. 37 - 8 . What size synchronous reactor is necessary to 
produce constant voltage at the receiving end of the line in 
Prob. 36-8, if the voltage at the generator is to be adjusted 
and held to a value to require equal kv-a. capacity of reactor 
at no load and at full load? Power-factor of generators at 
full load, 98.5 per cent. At what kv-a. input and power-factor 
must the synchronous reactor operate, (a) at full load of line? 
( b ) at zero load of line? 

Prob. 38 - 8 . At half load (kilovolt-amperes) and 95 per cent 
power-factor on the line of Prob. 36, what reactive kv-a. must the 
synchronous reactor supply, if the voltage at the generator is to be 
adjusted and held to a value to require equal kv-a. capacity of 
reactor at no load and at full load? 
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Prob. 39-8. What would be the pull-out load per phase on the 
synchronous motor of Prob. 4-8, if the field strength were such that 
the counter e.m.f. became 2000 volts? Other conditions as in 
Prob. 4-8. 

Prob. 40-8. Repeat Prob. 39-8 for a field strength producing 
4400 volts induced e.m.f. 

Prob. 41-8. The impressed voltage on the motor of Prob. 30-8 
is increased to 3000 volts. 

(o) What value must the field current have in order that the 
armature current shall not exceed the normal full-load value, when 
operating at unity-power factor? 

(6) What will be the power intake of the motor in kilowatts and 
in kilovolt-amperes at full load? 

Prob. 42-8. Construct circle diagram for the motor of Prob. 

8 - 8 . 

Prob. 43-8. Determine the total motor effect of motor in Prob. 
42-8 at rated intake, unity power-factor and rated full-load current 
in field coils. 



CHAPTER IX 


CONVERTERS AND RECTIFIERS 

In many cities and towns electric systems were installed 
long before alternating-current machinery had been de- 
veloped. The equipment of such places necessarily consists 
of direct-current machines. Even at the present time direct- 
current motors are better adapted to certain kinds of work 
— wherever adjustable speed is desired, for instance. Some 
commercial processes, such as electroplating and the charg- 
ing of storage batteries, must be done by means of direct 
currents. If it is desired to take the power for any of these 
installations from an alternating-current system, it is neces- 
sary first to convert the alternating currents to direct cur- 
rents. 

For performing the conversion of large quantities of alter- 
nating-current power to direct-current power there are two 
machines in common use, — the motor-generator converter 
and the synchronous conyerter (sometimes called the rotary 
converter). 

123. The Motor-generator Converter. This device con- 
sists of two separate machines, — an alternating-current 
motor and a direct-current generator, usually direct-connected 
to eijch other. The motor used for large sets, say over 100 
kv-a., is generally the synchronous motor, on account of its 
constant speed and adjustable power-factor. This is con- 
nected to a compound direct-current generator. 

In the motor-generator converter shown in Fig. 298, the 
motor (at the right) is a 10-pole 300-kv-a. synchronous motor 
operating on 2300 volts. The direct-current generator has a 
capacity of 275 kw., at 550 volts. 

586 
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By varying the field current of the motor, the power-factor 
of the motor may be adjusted without affecting the voltage 
of the generator. By varying the field current of the genera- 
tor, the voltage of the generator may be adjusted without 
disturbing the power-factor of the motor. For smaller sots, 



Fie. 29K. Motnr-gonc*r:itor convector. ,T1 k* motor on the*, right is a 
synchronous motor operating on 2300 volts. The direct-current 
generator on the left delivers 275 k\v. at 550 volts. The (Jcncnil 
Electric Co. 

tlie power-factor of which is of much less importance, an in- 
duction motor is generally used because it can be started 
much more easily than the synchronous motor. 

124. The Synchronous Converter. Instead of using 
two separate machine's for motor and generator, it is more 
general practice to make one machine, a synchronous motor 
of the revolving-armature type, perform the function of both 
motor and generator. The alternating current enters the 
closed winding of the armature through the collecting-rings 
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■inti muses the rotor to turn in synchronism with the alterna- 
tions of the current, as explained in Chapter VIII for the 
revolving field type. We thus have a revolving armature 
with alternating currents surging back ami forth through the 
windings. We are already familiar * with the facts that the 
armature windings of a direct-current generator always carry 
such alternating currents, and that a commutator properly 
connected to the windings is all that is necessary to cause 
direct current to be delivered to a set of brushes. Thus we 
have only to tap the windings at the proper points and con- 
nect these taps to the proper segments of a commutator in 
order to deliver direct current to a set of brushes bearing on 
the commutator. 

Thus the same armature fitted with collecting-rings and a 
commutator, revolving in a field separately excited from a 
source of direct-current supply, receives alternating current 
at the rings and delivers direct current at the commutator. 
Such a machine is called a synchronous converter or a ro- 
tary converter and is shown in Fig. 299. The simple scheme 
of winding and tapping an armature of such a converter has 
been indicated in Art. 72 of the First Course, but will be 
taken up in greater detail in this chapter. It is sufficient at 
present to know that the synchronous converter can be con- 
sidered cither as a synchronous motor having a revolving 
armature fitted with a commutator, or a direct-current 
generator having an armature fitted with collecting-rings. 

125. The Synchronous Converter Versus the Motor- 
generator. The synchronous converter has the following 
ad vintages over a motor-generator converter: 

First: The synchronous converter lias a higher efficiency 
than a motor-generator of the same rating. The synchronous 
converter has but one field, thus the field loss is smaller. It 
has but one armature, thus the core loss is smaller. The 
currents in the armature windings are the resultants of the 
direct currents and the alternating currents which most of 
* Set? First Course, Art. 65 , 06 , 72 . 
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the time are opposing each other. Thus the Pit loss in the 
armature of the synchronous converter is smaller than it 
would be in either a motor or a generator handling the same 
amount of power. Accordingly, it is much smaller than the 



Fits. 209. Synchronous convertor. Alternating current is received at 
the collecting-rings on the right" mid Mireet current is delivered at 
the brushes bearing on the commutator at the left. Thu General 
Electric Co. 


loss in a motor-generator which has two armatures, each 
with a higher Pit loss. 

These smaller losses all result in the synchronous conver- 
ter having a higher efficiency than the motor-generator in 
the conversion of a given amount of power. The benefit of 
this higher efficiency of the synchronous converter, however, 
may be lost, because, in order to regulate the voltage on 
the direct-current side, it is frequently necessary to use 
auxiliary apparatus, the added losses of which lower the 
over-all efficiency. 
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Relative efficiencies of the two devices are given as follows 
in the American Handbook for Electrical Engineers. 

Per cent 


Efficiency of converter 93 

Efficiency of transformer (which generally has to 

bo used with converter) 97 

Efficiency of converter and transformer (0.97 X 0.93) 90 

Efficiency of Synchronous motor 93 

Efficiency of direct-current generator 92 

Efficiency of motor-generator converter (0.92X0.93) 85.5 

Efficiency of motor-generator converter (if a 

transformer is necessary) (0.97 X 0.855) 83 


Second: The synchronous converter weighs less and occu- 
pies less space; per kilovolt-ampere capacity. 

Third: The cost of a synchronous converter may fairly lie 
taken to average about $11.00 per kilowatt for the larger 
units. The cost of a motor-generator is from 25 to 50 per 
cent greater than this, so that if no large amount of auxiliary 
apparatus is required, the synchronous converter is much 
cheaper than the motor-generator. 

The motor-generator converter has the following ad- 
vantages over the synchronous converter: 

First: By using induction 'motors for the drive, motor- 
generator converters of small capacity (less than 100 kw.) 
start easily and operate' satisfactorily. They are much used 
in central stations for the purpose, of furnishing the direct 
current for (he fields of the alternators. Small rotary con- 
verters are difficult, to start and have the instability of small 
synchronous motors. Tlius they do not operate well on lines 
where sudden changes in load occur. 

Second: The voltage of the generator of a motor-generator 
can be controlled and regulated by compounding the field so 
that constant voltage may be maintained across the direct- 
current. brushes, even though the alternating pressure; varies 
through wide ranges, as it may at the end of long lines. The 
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voltage across the direct-current brushes of a synchronous 
converter holds practically a fixed ratio to the alternating 
voltage across the rings. Thus transformers are usually 
necessary with synchronous converters in order to lower the 
alternating voltage so as to bring the direct voltage down to 
commercial value. Any change in the alternating voltage 
produces a corresponding change in the direct voltage. 
Changing the field excitation of a synchronous converter 
produces almost no change in the voltage across the direct- 
current brushes. It merely changes the angle of lead or lag 
of the alternating current taken by the machine, as explained 
in Chapter VIII in the case of synchronous motors. Thus 
wherever the direct-current voltage must be made to vary 
through wide ranges, a motor-generator converter is usually 
preferred. 

There are various devices for regulating the direct voltage 
of a synchronous converter and maintaining it constant 
throughout a limited amount of change in the alternating 
voltage, but they all mean extra expense and many require 
expert attendants. They will be taken up in detail later. 

Third: The synchronous motor-generator c&n be used to 
improve the power-factor of the load on a system. The 
direct-current generator may be run idle and the total 
kilovolt-ampere capacity of the synchronous motor may be 
used to supply only reactive power to the line, or part of its 
load may consist of effective power. A synchronous motor 
can in this way supply 70 per cent of its rated kilovolt-ampere 
capacity as reactive power, and still be able to supply at the 
same time another 70 per cent of real power (kilowatts) to 
the generator to be converted into direct-current power. 

While it is true that the power-factor of the power taken 
by a synchronous converter can be varied just as that of a 
synchronous motor by means of changing the field current, 
still it will be shown later that the kilovolt-ampere capacity 
of the converter is lowered rapidly as its power-factor 
departs very much from unity, — a power-factor of 0.90 low- 
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ering the capacity to about 70 per cent of its unity power- 
factor rating. It is thus undesirable to depend upon the 
synchronous converter to supply much reactive power to the 
line load. 

Example 1 . A power station is supplying 7500 kw. at 80 per cent 
lagging power-factor, which puts the rated full load (in kilovolt- 
amperes) upon the generators. 

(a) How mai\y kilowatts can be added to the above load by the 
use of a synchronous motor if it is over-excited enough to produce 
unity power-factor in the load on the generators? 

(b) At what power-factor must the synchronous motor be run? 

(c) Assuming an efficiency of 90 per cent at this load, how many 
horse power mechanical load can the motor carry in addition to 
supplying the necessary reactive load? 



Fig. 300. The vector OB represents the load carried by the generators 
with no synchronous motor.on the line. If a synchronous-motor load, 
represented by the vector BC is added, the generator must carry a 
load represented by the vector OC, which, however, is no greater than 
the vector OB which represented the original load, because the power- 
factor is improved. 

Construct Fig. 300, drawing the vector OA to represent the 
7500 kw., or effective power. Draw the vector OB at an angle of 
37° (arc cos 0.80) to OA to represent the total apparent power which 
the generators must produce in order to deliver 7500 kw. at 80 
per cent power-factor. 


OB 


7500 

0.80 


= 9380 kv-a. 
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If the generators were delivering 93,80 kv-a. at unity power-factor 
they would be delivering 9380 kw. effective power. They would 
thus be delivering 9380 — 7500 or 1880 kw. more of real power. 

. Add vector AC, Fig. 300, to vector OA to represent this added 
effective power. Vector OC would then represent the same load at 
unity power-factor on the generators that vector OB does. at 0.80 
power-factor. Or OC represents the resultant load when a load of 
9380 kv-a. at 0.80 lagging power-factor is combined with some other 
load to produce 9380 kv-a. at unity power-factor. This other load, 
wliich combined with the 9380 kv-a. at a lagging*0.80 power-factor 
will produce 9380 kw., must be represented by the vector BC, since 
OC is merely the resultant of OB and BC. 

BC = VBA* + AC*. 

BA = 9380 sin 37° 

= 5630. 

AC - 1880 

BC = V5630» + 1880* 

= 5940 kv-a. 


(a) Thus the synchronous motor may take 5940 kv-a. from the 
line and still not increase the load on the generators. But note 
that of this load, 5630 kv-a. (represented by the line AB) must be 
a leading reactive load, to counterbalance the 5630 kv-a. lagging 
reactive load already on the line. The effective part of the added 
load is 1880 kv-a. at unity power-factor. The power-factor of the 
synchronous motor load is thus 


0 b ) 


effective power __ 1880 
apparent power * 5940 


0.316 leading. 


At 90 per cent efficiency, the motor could supply a mechanical 
load of. 


(c) 


0.90 X 1880 X 


.746 


2260 h.p. 


Thus by using an over-excited synchronous motor, 2260 more 
horse power dan be taken from the line without adding to the load 
on the generators. 

Prob. 1-9. If the motor of Example 1 were direct-connected to 
a direct-current generator having 92 per cent efficiency, how many 
kilowatts could it convert to direct-current power under the con- 
ditions of Example 1? 

Prob. 2-9. (a) How many kilowatts, direct-current, could be 

delivered by the motor-generator converter of Prob. 1, if the motor 
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is over-excited enough to raise the power-factor of the system of 
Example 1 to 0.90 lagging, and not add any kv-a. load to the gen- 
erators? Generator efficiency, 92 per cent. Motor efficiency, 90 
per cent. (6) At what power-factor must the synchronous motor 
operate in this case? 

Prob.. 3-9. (a) If a synchronous converter operating at 90 per 

cent leading power-factor were used to supply the same direct- 
current power as in Prob. 2, how many kilovolt-amperes would be 
added to the load on the generators? Assume an efficiency of 
95 per cent for the converter. ( b ) At what power-factor will the 
generators now operate? 

Prob. 4-9. It is fair to assume that the synchronous converter 
of Prob. 3, when operating at 90 per cent power-factor, can deliver 
not more than 70 per cent of its rated load (i.e., its load at unity 
power-factor). What must be the full-load rating (unity power- 
factor) of the converter of Prob. 3? 

Prob. 5-9. How many revolutions per minute will the motor- 
generator converter of Fig. 298 make when operating on a 60-cycle 
system? The motor has 10 poles. 

Prob. 6-9. How many poles would the motor of Prob. 5 have 
if it were intended to operate at 750 r.p.m. on a 25-cyclc system? 

126. Ratio of the Alternating E.M.F. to the Direct E.M.F. 
in a Synchronous Converter. 

Single-phase. Consider the diagram of a simple single- 
phase synchronous converter shown in Fig. 301. The poles 
N and S are excited by direct current from an outside source. 
Alternating-current power is delivered to the collecting-rings 
A and B from an outside source. From these rings the lead 
wires M and N deliver the alternating current to the arma- 
ture winding at the two tapping points a and b, situated 180 
electrical degrees apart from each other. At the instant 
shown in Fig. 301 the alternating e.m.f. and current, at unity 
power-factor, would be at a maximum, and, considering the 
lead M positive at this instant, the armature current would 
cause the armature to rotate counter-clockwise as indicated. 
There would then be set up in the armature windings an in- 
duced e.m.f. as marked in the coils. Note carefully that 
whatever current the alternating e.m.f. may force through 
the armature windings at this instant must be forced against 
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the induced e.m.f. and must then produce a motor effect tend- 
ing to turn the armature in a counter-clockwise direction. 

Note also that an alternating current at this instant can 
flow directly from the wires M and N through the neutral 
coils to the direct-current brushes without going through the 



Fia. 301. Diagram of the armature windings and connections of a 
single-phase synchronous converter. At this instant the maximum 
value of the alternating e.m.f. is being delivered through the rings to 
the armature at the tapping points a and b, causing it to rotate as 
marked. The induced e.m.f. marked on the armature windings is 
being delivered to the brushes Bi and 2? a . 

armature. Any appliance attached to the brushes Bi and B 2 
would at this instant receive all its power directly from the 
alternating line. 

Let us assume, for the sake of simplicity, that the arma- 
ture resistance and reactance arc negligibly Small, and that 
the losses and reactions can be neglected as is practically true 
when the converter is running idle. Under these conditions, 
the e.m.f. induced in the windings is practically equal to the 
impressed e.m.f. Now the induced e.m.f. is the e.m.f. which 
is delivered by the armature to the direct-current brushes, 
and the impressed e.m.f. is the maximum instantaneous value 
of the impressed alternating e.m.f. 
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When the armature has turned through 90°, the induced 
e.m.f. between the taps a and b becomes zero. But since 
the machine is in synchronism and in phase with the line 
voltage, the impressed e.m.f. between the rings AB at this 
instant has also become zero. There is thus no current in 
the wires M and N. The direct e.m.f. across the brushes, 
Bi and B 2 , however, will be the same as before. 



Fiu. 302. The armature of Fig. 301 has turned through 90°. The 
impressed alternating voltage between the tapping points is zero at 
this instant. The induced e.m.f. between the brushes Bi and Bz is 
the same as in Fig. 301. 

We thus have a direct e.m.f. at the brushes which is equal 
to the maximum value of the alternating e.m.f. at the rings, 
and we may write the equation 

Ed — Em, 

in which 

Ed — direct induced e.m.f. 

E m — maximum value of impressed alternating e.m.f. 
Since the alternating e.m.f. is harmonic, 

E = 0.707 E m . 
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Therefore 

E - 0.707 E d ; 

where E =* effective value of impressed alternating e.m.f. 

E d — direct induced e.m.f. 

Thus for a single-phase converter, we may say that at no load 
the alternating voltage is 0.707 of the direct voltage. 

- Two-phase. In a two-phase (four-ring) converter, the sec- 
ond phase is tapped at points midway between the single- 



Fig. 303. Diagram of a three-phase three-ring converter. The im- 
pressed three-phase alternating voltage is brought to the three equi- 
distant tapping points aJbc on the armature. The induced voltage is 
delivered as before to the brushes Bi and B s . 

phase taps, the voltage across one phase being at a maximum 
when it is zero across the other phase. Thus the voltage 
across each phase of a two-phase tapping is the same as 
the voltage across a single-phase tapping. Accordingly, the 
alternating voltage in each phase of a two-phase converter, 
also, is 0.707 of the direct voltage. 

Three-phase. For the voltage relations in a three-phase 
converter, consider Fig. 303 and 304. The three lead wires. 
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arc tapped into the armature windings at three equidistant 
points a, b and c (that is, with eight coils between any two 
taps), and brought out to their respective slip rings A, B 
and C. The alternating voltage impressed on the rings is 
thus applied to the armature at these three points and causes 
the armature to rotate as a synchronous motor. This in- 
duces an e.m.f. in the armature windings of practically a 
sine-wave forno.* 

Let the vector 1 in Fig. 304 represent the maximum e.m.f. 
induced in coil 1, and vector 2 the maximum e.m.f. induced 
in coil 2, etc. Note that the e.m.f.’s differ in phase with one 
o fi0 ° 

another by - 0 . — or 15°. Thus the e.m.f. in coil 2 is 15° 
24 

ahead of the e.m.f. in coil 1, the e.m.f. of coil 3 is 15° ahead 
of the e.m.f. in coil 2, etc. The maximum induced e.m.f. 
through the twelve coils on one side or path of the armature, 
coils 1 to 12, and 24 to 13 inclusive, equals the vector sum of 
the maximum voltages across each coil. We have seen that 
this maximum e.m.f. across twelve coils is the voltage be- 
tween the direct-current brushes. 

The maximum induced e.m.f. between any two of the 
alternating-current taps equals the vector sum of the maxi- 
mum e.m.f.’s in the eight coils composing the phase. Thus 
the vector ab , Fig. 304, is the vector sum of the maximum 
e.m.f.’s in coils 3 to 10, inclusive, and represents the maximum 
value of the induced e.m.f.’s across the phase ab, which is 
composed of these coils. This maximum value of the induced 
e.m.f. will take place when the phase ab is in the position 
shown 'in Fig. 303 and 304, because at that instant the 
instantaneous values of the voltages in the several coils 
composing the phase are nearest the maximum value. 
Note that in Fig. 303 at this instant the coils 3 to 10 are 
cutting lines of flux at the angle most nearly equal to a right 
angle and therefore at the greatest rate. Fig. 304 shows the * 


See First Course, Chap. VIII. 
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same fact, in that the vectors 3 to 10 are so situated that their 
resultant ab makes a right angle with the horizontal, — this ~ 
being the position of a vector corresponding to the maximum 
instantaneous value. 

Assuming the armature resistance, reactance, etc., to be 
negligible, as they practically are at no load, the impressed 



Fig. 304. Vector diagram of the induced and impressed voltage in the 
armature winding of a three-phase converter. The maximum induced 
voltage between the points a, b and c is equal and opposite to the im- 
pressed voltage at all times. • 

alternating e.m.f. equals the induced alternating e.m.f. in 
each phase, at all instants. If the maximum induced e.m.f. 
ab occurs at the instant shown in Fig. 303 and 304, then the 
maximum impressed e.m.f. ba should occur at the same 
instant. Otherwise there would be instants when the in- 
duced e.m.f. was higher than the impressed e.m.f. and 
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currents would be sent back from the armature windings into 
the source of supply. Thus the vector db represents the 
maximum induced e.m.f. in the phase db and also the maxi- 
mum e jn.f . impressed on the phase 6a, which of course is in 
the opposite direction to the induced e.m.f. 

Accordingly, the ratio of the vector ba to the vector B 2 B 1 
equals the ratio of the maximum impressed alternating 
e.m.f. to the direct e.m.f., of a three-phase converter. This 
ratio is merely the ratio of a side of an equilateral triangle 
to the diameter of a circle circumscribed about the triangle. 
Thus in Fig. 305, the ratio 

AB _ maximum impressed alternating e.m.f., three-phase 
AD ~ direct e.m.f. 

Since the angle ABD, Fig. 305, is a right angle,* and the 
angle ADB is 60°, 

A R 

^ = sin 60° = 0.866. 

AD 

Thus the maximum value of the alternating e.m.f. is 0.866 
of the direct e.m.f. 

But the effective value of alternating e.m.f. is the value 
generally used and this is 0.707 of the maximum value when 
the e.m.f. has a sine wave-form. 

Therefore the effective value of the impressed alternating 
o.m.f. is 0.707 X 0.866 or 0.612 of the direct e.m.f. 

The actual values of the ratio of alternating voltage to 
direct voltage varies but little from the ideal values of this 
article*. Any variation may be due to any of the following 
causes: 

* An angle inscribed in a semicircle is a right angle. 

Any angle at the circumference of a circle is equal to one-half of the 
angle at the center whose sides cut out the same arc on the circumference. 
The arc AB is 120°, therefore the angle ADB which subtends this arc is 
120° r 
— 2 “* “ 60°* Similarly the angle DBA is a right angle. 
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(a) The wave-form of the e.m.f. induced in the WlDcfaafp 
may not be that of a sine curve and thus the effective v&Itie 
would not be exactly 0.707 of the maximum. This depends 
largely upon what fraction of the pole pitch is covered by 
the pole-shoe. It has been found that if about 70 per cent 



A 


Fig. 305. The line AD represents the value of the voltage across the 
direct-current brushes. The lines AD, BC and CA represent the maxi- 

AC 

mum value of the impressed alternating voltage = 0.866. 

of the pole pitch is covered by the pole-shoe, then the induced 
e.m.f. will have practically a sine wave-form .* As modern 
converters are designed very closely to this specification, 
the form of the e.m.f. is very close to that of a sine wave. 

The wave-form of the impressed e.m.f. also must be approxi- 
mately a sine wave in order not to affect the ratio of voltages. 
It is especially important that the wave-form of impressed 
e.m.f. shall coincide exactly with that of the induced e.m.f., 
otherwise equalizing currents of considerable magnitude may 
circulate in the armature windings. See pages 85 and 87 
of tips volume. 


See First Course, Chap. VIII. 
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(6) The direct-current brushes may not be set on the 
neutral axis and accordingly the direct voltage would not 
be the maximum induced voltage. 

(c) The resistance of the armature must be overcome 
whenever the machine is delivering current. Voltage across 
the direct-current brushes would be a little lower than the 
induced e.m.f. when the machine is converting alternating 
current to direct current. The ratio of alternating voltage to 
direct voltage would thus be a little larger at full load than at 
no load. For the same reasons, if the machine is used to 
convert direct current to alternating current the ratio would 
be lower at full load. The converter is then said to be 
inverted. The following table is based on data published by 
the General Electric Co. 


TABLE I 

Voltage Ratios op Converters 
Ratio of Alternating E.M.F. to Direct E.M.F. 


Number of phases. 

Under ideal 
conditions. 

U nder actual conditions. 

Full-load 

straight. 

Full-load 

inverted. 

One, two, six (diametral) 
Three or six (double-delta) 

0.707 

0.612 

0.71 

0.62 

0.675 

0.580 


Example 2. It is desired to maintain 550 volts between the 
direct-current brushes of a three-phase synchronous converter. 
What alternating e.m.f. must be applied between the rings? 

For a three-ring converter, 

E « 0.62 E d 
- 0.62 X 550 
•* 341 volts (at full load). 

The following figures will serve to help one remember the 
relation between the voltage at the direct-current brushes 
and the voltage at the alternating-current rings for the 
various schemes of tapping the armature and connecting 
the transformers. 
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. Single-phase and two-phase . Single-phase and two-phase . 

(Ideal.) (Actual.) 



Six-phase diametral. (Ideal.) Six-phase diametral. (Actual.) 



Six-phase double-delta. 
(Ideal.) 


Six-phase double-delta. 
(Actual.) 


Relation between the alternating voltage and the direct voltage of 
synchronous converters. 
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Prob. 7-9. If the e.m.f. of a 3-phase 2300-volt transmission line 
were applied directly to the rings of a 3-ring converter, what 
would be the voltage across the direct-current brushes? * 

Prob. 8-9. In Fig. 303 and 304 the voltage across each coil is 
harmonic and has a maximum value of 40 volts. 

(a) .What is the maximum e.m.f. induced in phase ba ? 

(b) What is the voltage across the direct-current brushes at 
no load? 

(c) From (a) and (6), what is the ratio of maximum induced 
voltage in phase %a to the no-load voltage across the direct-current 
brushes? 

Prob. 9-9. By addition of instantaneous coil e.m.f.’s, what is 
the instantaneous induced voltage across the phase cb at the instant 
shown in Fig. 303 and 304? Maximum e.m.f. in each coil = 40 volts. 

Prob. 10-9. (a) From the value of the voltage impressed across 

phase ba as found in Prob. 8, compute the instantaneous impressed 
voltage across phase cb at the instant shown in Fig. 303 and 304. 

(b) How does this value compare with the instantaneous in- 
duced e.m.f. of Prob. 9? 

Prob. 11-9. If we regard a two-phase converter as a four-phase 
machine, what fraction of the direct voltage is the effective alter- 
nating e.m.f. between adjacent taps or rings, at no load? (Instead 
of stating the voltage of a two-phase alternator as that between 
adjacent rings, it is customary to state the voltage across one phase 
as the two-phase voltage.) 

Prob. 12-9. Derive the ratio of the effective alternating e.m.f. 
impressed across adjacent rings of a six-phase converter to the 
e.m.f. across the direct-current brushes. 

(It is customary to state as the alternating e.m.f. of a six-phase 
converter, either the voltage between rings which are tapped to 
points 180 electrical degrees apart on the armature, or the voltage 
between rings tapped to points which are 120 electrical degrees 
apart. .This makes the e.m.f. ratios of a six-phase converter the 
same as that of a single-phase or that of a three-phase. See Art. 
126 and 127.) 

127. Ratio of Alternating Current .per Ring to Direct 
Current. Single-phase Converter. If we. neglect the losses 
in the converter, which are actually very small, the total 
alternating-current power put in at the rings equals the total 
direct-current power taken out at the brushes. 
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For a single-phase machine, this may be written 
„(a) Eih cos $ =' EJd, 

in which 

Et = effective value of single-phase alternating e.m.f. 
h = effective alternating current delivered to one .ring. 
Ed = voltage across direct-current brushes. 

Id * direct current delivered, total amperes. 

Cos 8 — power-factor. 

Since a synchronous converter is designed to operate at 
unity power-factor, let us take cos 0 as 1. 

We have seen that in a single-phase converter 
Ei = 0.707 E d . 

Thus we may substitute these values in equation (a) and 
obtain 

0.707 Edli = E d I dt 

T Ll 

1 0.707 9 

= 1.41 Id. 


Due to the losses in the machine and the occasional lower 
power-factor, the ratio is a little greater than 1.41 in an 
actual converter. 

Example 3. At 100 per cent efficiency and unity power-factor, 
what would be the alternating current , per line wire and voltage 
between rings of a single-phase converter which was delivering 
400 kw direct-current power at 220 volts? 


Id 

Ii 


400,000 

220 


1820 amperes. 


1.41 I d 
1.41 X 1820 


= 2570 amperes. 

Ei = 0.707 X 220 
= 155.6 volts. 

Example 4. If the converter in Example 3 is operated on 05 per 
cent power-factor at 90 per cent efficiency, what would be the 
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alternating current and voltage when delivering 400 kw. direct 
current at 220 volts? 

Alternating-current power = Eih cos 0. 

— 0.95 Eih. 

Direct-current power = EdJd = 400,000 watts — 0.90 of 0.95 Eih. 
• Ei — 0.71 Ed 

= 0.71 X 220 
= 156.2 volts. 

Therefore, since 

E d Id = 0.90 X 0.95 X 156.2 X Ii - 400,000, 

400,000 

1 - 0.90 X 0.95 X 156.2 
= 2995 amperes. 

Three-phase Converter. The alternating-current power re- 
ceived at the rings of a three-phase converter running at 
unity power-factor, if we neglect the slight losses in the ma- 
chine, would be equal to the direct-current power delivered 
at the direct-current brushes. 

1.73 Esla cos 0 — Edldj 

where 

Ea = effective voltage between alternating-current rings. 
Ia — effective current delivered to each ring. 

But cos0 # = 1.0 

and Ea = 0.612 E d . 

Thus we may write 

1.73 X 0.612 Edla X 1.0 = E d Id, 

r _____ Id 
3 1.73 X 0.612 

- 0.943 I d . 

As three-phase converters always operate at less than 100 
per cent efficiency and sometimes at less than uni ty power- 
factor, the alternating current per ring is always somewhat 
greater than 0.943 of the direct current delivered by the 
machine. 
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Prob. 18-9. A three-phase three-ring converter is taking 1000 
amperes per ring at a voltage of 700 between rings. If it were 
operating at 100 per cent efficiency and unity power-factor, what 
direct current would it be delivering, and at what voltage? 

Prob. 14-9. What would be the direct current and voltage, if 
the converter of Prob. 13 were running with same alternating 
current and voltage at the rings, but were operating under practical 
conditions of 98 per cent power-factor and 92 per cent efficiency? 

Prob. 16-9. Determine the ratio of the alternating current per 
ring of a six-ring converter to the direct current at the brushes for 
the ideal conditions of 100 per cent efficiency and unity power- 
factor. 

Prob. 16-9. What would be the alternating current per ring and 
the alternating voltage between adjacent rings in a six-phase 
converter operating at unity power-factor and 93 per cent efficiency, 
if it were delivering 2000 amperes direct current at 550 volts? 

128. The Operation of Six-ring Converters on Three- 
phase Systems. On account of the resulting economy of 
design, two reasons for which are shown in §135, most 
converters are built with six collecting-rings. Since most 
transmission lines arc three-wire systems, special trans- 
former connections are employed to step down the three- 
phase power of the transmission line and change it into the 
six-phase power required by the converter. These special 
connections arc discussed fully in §57 from the viewpoint 
of "the transformers. In this article the discussion is from 
the converter viewpoint. 

Diametral Connections. We may start with a three-ring 
converter tapped as in Fig. 303, and add three extra taps to 
it as in Fig. 306; that is, a tap at (ai) diametrically .opposite 
tap (a), one at (bi) diametrically opposite tap (5) and one at 
(ci) diametrically opposite tap (c). Each of these taps is now 
connected to a ring, necessitating six rings instead of the 
three of Fig. 303. This gives us -a converter tapped at six 
points and supplied with six rings. We may now connect a 
transformer across each diametrical set of taps as in Fig. 
306, where the secondary of the transformer A is connected 
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across the tapping points a and a{, the secondary of trans- 
former B across the points b and b u and the secondary of 
transformer C across the points c and C\. These connections 
are of course made by means of rings, which have been left 
out of Fig. 306 iqj the sake of clearness. The arrowheads 
in the 'transformers denote the positive direction internally 



phase converter to a three-phase line. Arrows on transformers and 
transmission lines show the positive direction through transform®!®, 
and between wires of transmission line. Arrows on the armafcttfo 
ductors indicate instantaneous direction of induced e.m.f. in 
ings. For the sake of clearness the collecting rings are 

through Jbhe transformers, while the arrows on the armature 
windings denote the direction of the instantaneous eJm.f. 
induced in the windings for the position occupied by each 
inductor. % 

With the armature revolving counter-clockwise, note that 
the induced e.m.f. from b to 61 reaches a maximum 120° 
ahead of the induced e.m.f. from a to a%. This can be seen 
clearly from Fig. 307, in which the arrows represent the phase 
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relations of e.m.f.’s between these points. Note that o*-«i 
must move through 120° before it can be in the position of 
h~6i, which in turn must move through 120° before it can be 
in the position of c-ci. 

Fig. 308 is a vector representation of the phase relations of 
induced e.m.f.’s between these points. These figures ’show 
that the induced e.m.f.’s between the diametral points 6— &i, 
a—ai, c—Ci are in the proper three-phase relation ; thus, trans- 
formers of the proper voltage, frequency and phase sequence 



Flo. 807. Diagram showing Fia. 308. Vector diagram of in- 
’ the phase relations of the duced e.m.f.’s between diametral 

'iftdigeed' e.m.f.’s between . tapping points on the converters 
dlapnetxal taps. b~bi is 120° of Fig. 306. Vector b-bi is 120° 

.ahead, of % which is 120° ahead of vector a-ai which is 120° 

ahead of c-c x . 


may be placed between these points, and the machine will 
then operate as a synchronous motor on a three-phqse line. 
We merely have to be sure that the sequence of the posi- 
tive direction through the secondaries of the transformers 
is the same as that of the induced e.m.f. in the armature, as 
shown in Fig. 307 and 308. Thus the vector diagram of the 
voltage relations in the three-phase line of Fig. 306 must 4 be 
that of Fig. 309 in which phase B leads phase A by 120°, 
which in turn leads phase C by 120°. Then the secondary 


610 


ALTERNATING-CURRENT ELECTRICITY 


terminals of the transformer can be connected diametrally 
to the armature taps, b—bi f a—ai f c—Ci, and the relation of the 


secondary e.m.f.’s also will be represented by Fig. 307 and 
308. Care must be taken in making the transformer con- 
nections so that the sequence of phases in the line corresponds 
to thfe sequence of e.m.f.’s between the several pairs of points 



to which the transformers are attached. 
In other words, the transformer B can 
be connected to the points b-bi, A to 
the points a-ai, and C to the points 
c — C\y only when the e.m.f.’s across the 
secondaries of transformers B , A and C 
have the same value and sequence as 
the induced e.m.f.’s between the points 
b-bi, a-ai , c-ci. 

Note that this method of tapping the 
and connecting the .trans- 
formers divides the armature into six 
phases and that six rings are required. 
Such a converter is called a six-phase or a six-ring converter. 
Fig. 310 shows the proper connections of the transformer 
secondary terminals to the rings. Note that the taps which 
are adjacent on the armature are brought out to adjacent rings. 


Fuj. 309. Vector dia- 
gram showing the 
proper phase sequence 
of a three-phase line 
to be connected diam- armature 
etrally to converter of 
Fig. 306. 


Each transformer must therefore be bridged across four rings; 
that is, when a terminal of a transformer is brought to a nng, 
the other terminal skips two rings and is brought to the 
fourth. Each transformer is connected to taps which are 
diametrally opposite to each other just as* in a single-phase 
converter. We have seen that the maximum alternating 
voltage of the converter between these taps is exactly equal 
to the direct e.m.f. delivered by the direct-current brushes. 
Thus the maximum voltage of each transformer must equal 
the direct voltage of the converter. The effective voltage of 
each transformer must therefore be 0.707 of the voltage 
at the direct-current brushes at no load, or 0.71 at full 
load. 
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Fia. 310. Connection of tapping points of armature to rings and of 
transformers to rings for the six-phase diametral method. When one 
terminal of a transformer secondary has been brought to a ring, the 
other terminal skips two rings and is connected tp the fourth. 

• 

Example 6. A 6-ring converter diametrally connected to three 
single-phase transformers at full load delivers 1000 kw. at 600 volts 
direct current. The converter has a full-load efficiency of 93 per 
cent, at unity power-factor. The line voltage is 11,000. 

(a) What must be the full-load secondary voltage of each trans- 
former? 

( b ) What must be the voltage ratio of each transformer if the 
primaries are delta-connected to the line? 
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(c) What current will each transformer terminal deliver under 
these conditions? 

Solution: (a) The secondary voltage of the transformers must 
equal the effective value of the diametral induced alternating e.m.f. 

E = 0.71 X 600 
• — 426 volts. 


(6) The voltage ratio of each transformer must be 


11,000 

426 


25.8. 


(c) At unity power-factor, each transformer must deliver 

4 of ( S ) kw=358 - 4 kw - 

At unity power-factor each transformer must deliver 
358,400 


426 


= 840 amp. 


Prob. 17-9. Draw a diagram similar to Fig. 310, except that 
the primaries of the transformers are to be star-connected to the 
transmission line. 

Prob. 18-9. Solve Example 5 with the primaries of the trans- 
formers star-connected to the transmission line. 

Prob. 19-9. Replace the 6-ring converter of Example 5 with the 
3-ring converter and solve (a), (6) and (c) in Example 5. Connect 
the secondaries of the transformers m star and the primaries in delta. 

Prob. 20-9. It is desired to deliver 500 kw. direct current at 
220 volts from the brushes of a 6-ring converter. What must be the 
kv-a. capacity, voltage and voltage-ratio of the transformers if 
they are to be diametrally connected to the converter and deltar 
connected to a 3-phase 2300-volt line? Power-factor, 95 per cent, 
efficiency, 91 per cent. 

Prob. 21 - 9 . Solve Prob. 20 for a 3-ring converter and with the 
transformers star-connected to the line and delta-connected to the 
converter. 

129. Double-delta Connection. In the double-delta 
scheme of connection, advantage is taken of the common 
practice of constructing the secondary winding of a trans- 
former in two equal coils. Leads are brought out from both 
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terminals of each coil. Consequently one-half of the second- 
ary e.m.f. can be impressed across part of the converter 
armature and the other half across another part. Since the 
* e.m.f.’s of both coils are in phase with each other, the coils 
must not be connected across parts of the armature in which 
the induced e.m.f. 's differ in value or in phase. Otherwise, 
even though the armature were revolving in synchronism 



Fig. 311. Diagram showing the double-delta connection of the two 
secondary coils of transformer C. Coil C a is connected to the taps b 
and a in the direction reversed to that in which coil C\ is connected 
to the taps a x and bi. 

* 

with the frequency of the line, one coil would continually be 
impressing on part of the armature, an e.m.f. which was out 
of phase with the induced e.m.f. of that part of the armature. 
Consequently, harmful local currents would flow through the 
transformer coil and part of the armature. 

Thus in Fig. 311, coil Cu which is one-half of the secondary 
winding of transformer C, is impressed across the taps a and 
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b of the converter armature, 'in such a way that the secondary 
e.m.f. tends to send a current from b to a through the arma- 
ture windings. 

Now coil C 2 , the e.m.f. of which is exactly in phase with the * 
e.m.f. of coil Ci 9 must be connected across that part of the 
armature in which the induced e.m.f. is the same in value 
and in phase as that part between the points a and b. But 
there is no part. of the armature in which the induced e.m.f. 
is in phase and has the same value as the e.m.f. between the 
points b and a . However, the e.m.f. between the points hi 
and ai has the same value as that between b and a , but differs 
in phase with it by 180 °, because when the induced e.m.f. 
tends to send a current from a to b, at that same instant it 
tends to send one from b x to a u which is in the reversed direc- 
tion around the armature. We may then connect the coil C 2 
in the reversed direction to the points bi and a x , so that while 
coil Ci tends to send a current from a to b } coil C 2 will tend 
to send a current from b { to Oi. Thus the e.m.f.'s of the two 
transformer coils tend to send currents in opposite directions 
around the armature. They are opposed in this tendency by 
the e.m.f. induced in the armature. This induced e.m.f. is 
at every instant opposite in phase to the impressed e.m.f.* 

Similarly, coil Bi of transformer B is put between the points 
cb y and coil B 2 is put in the reversed direction across the 
points b\C\. Coil Ai of transformer A is connected between 
the points ac , and coil A 2r in the reversed direction between 
the points ciai. Thus the coils A iy B x and Ci are connected 
to the armature in delta with the phase sequence AiBiCl, and 
the coils A2B2C2 are connected to the armature in the reversed 
direction in delta so that the phase sequence reads C2B2A2. 
In this way we have a double-delta connection with the 

* If coil Ca were not joined in the reversed direction, the e.m.f. of coil 
Ci and C* would combine arithmetically to send a current through the 
parts of the armature aib and abi. The induced e.m.f. in these being 
at 90° to Ihis impressed e.m.f. would offer no opposition to the current 
flow which would be excessive and produce little or no torque. Excess 
current would also flow in ba or & x ai. 
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positive direction of the phases of one delta reversed with 
respect to the other. Fig. 312 shows the complete connec- 
tions, minus the rings, for this method of connecting a six-ring 
converter to a three-phase line. Note that in connecting 
the coils A 2 B 2 C 2 in delta, it was necessary to make the con- 
nections such that the positive directions produced a phase 



Fig. 312. Diagram showing the double-delta connection of three trans- 
formers to a six-ring converter. Note that the phase sequences of the 
two deltas arc reversed with respect to each other. Thus the phase 
sequence of one delta is A1B1C1 and of the other is CzBzAi- 

sequence of A 2 B 2 C 2 in the transformers, while the* phase 
sequence through the delta connection of the other coils was 
C 1 B 1 A 1 , The voltage between any two taps in the same 
delta, as between a and b , b and c, c and o, ai and hi, etc., is 
merely the voltage between the taps of a three-ring converter 
(see Art. 126, page 594). 

At full load the voltage between the taps on a three-ring 
converter is 0.62 of the voltage between direct-current 
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brushes. Thus the voltage between taps a and b, that is, 
the voltage across the coil Ci, is 0.62 of the voltage between 
the direct-current brushes. Similarly, the voltage across 
each of the secondary coils is 0.62 of the voltage between 
the direct-current brushes. 

The diametral and the double-delta are the two standard 
connections to six-phase converters. The “ ring-connec- 
tion,^ ” which is sometimes used, is described in Prob. 26-9. 
Of the two standard connections, the diametral is by far the 
more common, owing to its ‘simplicity, certain advantages 
which it possesses in starting the converter on the alternating- 
current side, and the fact that the central points of the 
secondaries are all at the same neutral potential. This last 
advantage allows these points to be joined and a neutral 
wire to be brought out to form a three-wire system for the 
direct-current power.* 


Example 6 . A six-ring converter, connected double tlelta to 
three single-phase transformers, at full load delivers 1000 kw. at 
000 volts. The converter has a full-load efficiency of 93 per cent 
while operating at unity power-factor. The line voltage is 11,000 
volts. Compare with Example 5. 

(a) What is the full-load secondary voltage of each transformer? 

(b) The primaries are delta-connected to the line. What is the 
voltage ratio of each transformer? # 

{(') What current does each transformer coil deliver unde^these 
conditions? 


Solution, (a) The voltage across a single coil of each trans- 
former is 0.62 of the voltage between the direct-current brushes. 
Voltage of one coil of transformer = 0.62 X 600 — 372 volts. 

If the two coils of each secondary were joined in series, the 
secondary voltage would be 2 X 372 = 744 volts. 

(b) The voltage ratio of each transformer with the two second- 
aries in series is, 


11,000 

744 


14.8, 


* For other important considerations in the choice .of connections 
see “ American Handbook for Electrical Engineers,” under heading 
41 Transformer Connections for Synchronous Converter.” 
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(c) Input at unity power-factor and 93 per cent efficiency equals 


Each coil delivers 


1000 

0.93 


1075 kw. 


i of 1075 kw. - 179.2 kw. 
Each coil must deliver 



Fig. 313. Diagram showing the method of making the ring connection 
for operating a six-phase converter on a three-phase system. 


Prob. 22-9. Construct a diagram similar to Fig. 312, except 
that the primaries of the transformers are to be joined in star to the 
main line. 

Prob. 23-9. Solve Example 6 with the primaries connected in 
star to the line as in Prob. 22. 

Prob. 24-9. What will be the voltage across the direct-current 
brushes of a six-ring converter double-delta connected to the 
secondaries of three transformers? The voltage ratio of the trans- 
formers is 30, with the secondaries in series, and the primaries are 
connected in delta to a three-phase 13,200-volt line. 
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Prob. 26-9. When the converter of Prob. 24 is operating at 0.95 
power-factor and 90 per cent efficiency, it delivers 1000 amperes. 
What current will each transformer coil deliver under these con- 
ditions? 

Prob. 26-9. Fig. 313 shows two coils of a transformer arranged 
for the ring-connection, which is a scheme sometimes used. Connect 
the remaining secondary coils to the converter. 

Prob. 27-9. The full-load voltage between the direct-current 
brushes of Prob. 26 is 660 volts, when the converter is delivering 1000 
amperes and running at unity power-factor. The alternating-cur- 
rent line voltage = 13,000 volts. The transformer primaries are 
delta-connected. Find: 

(а) The voltage across each secondary coil. 

(б) The voltage ratio of the transformers. 

(c) Current delivered by each transformer coil, on a basis of 92 
per cent efficiency for the converter. 

130. Motor and Generator Actions in a Converter. At 

a given instant, current flows from an alternating-current 
source into the converter armature at tap a and out at tap b, 
Fig. 314. As the current enters at a, it divides, one part 
flowing through the upper half of the armature winding to 
tap b and the other part flowing down through the lower half 
of the armature winding to the tap b. While the current 
which flows through the upper half of the armature is passing 
from tap a to brush B X} it is* flowing in the same direction 
as the induced c.m.f. of that part of the circuit. The current 
from tap a to brush B x , therefore, produces a generator 
action and opposes rotation of the armature. But as some 
of this current also flows on from B x to tap b , it goes in the 
direction opposite to the induced e.m.f. in this part of the 
armature and thus has a motor effect, assisting rotation of 
the armature. Similarly, that part of the current which 
enters the lower half of the armature is in the opposite direc- 
tion to the induced e.m.f. as it flows from the tap a to the brush 
B 2 and therefore produces a motor action. But, some of it in 
flowing on from the brush B 2 to the tap b is going in the same 
direction as the induced e.m.f. and produces a generator 
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llotatioa 




Fig. 314. The alternating current entering at a divides, part flowing 
up to By in the direction of the induced voltage and thus producing a 
generator effect. Some of this part of the current flows on from B\ to 
point b against the induced voltage, thus producing motor action. 
Similarly the other part of the current entering at a produces both 
motor and generator action. 



Fig. 315. The alternating current at this instant enters at point a and 
flows to point 6 in a direction everywhere opposing the induced e.m.f . 
The value of 'the direct current flowing through the armature in the 
direction is very small at this instant, since the direct-current brushes 
can take the current directly from the rings. Thus the motor effect 
is larger than the generator effect. 
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action. There is, therefore, both motor and generator actio^. 
going on in various parts of the armature at this instants ~ 
At a later instant, as shown in Fig. 315, the taps a and b 
will be directly under the brushes B\ and B 2 respectively. 
Then, if the power-factor is unity, the alternating current 
supplied will be at its maximum value, and throughout the 
entire length of both branches of the armature circuit it must 
flow in the opposite direction to the induced e.m.f. Thus 
at this instant the total effect of the alternating current is to 

dotation 



Fiu. 316. At this instant there is no alternating current being delivered 
to the armature windings if the power-factor is unity. The generator 
action must greatly exceed the ftiotor action and tend to lessen the 
speed of rotation. 

drive the machine as a motor, and the armature would tend 
to forge ahead because the motor effect exceeds the generator 
effect. 

At a quarter of a period later, as in Fig. 316, the voltage 
between taps a and 6 is zero, and the current received from 
the alternating-current line (at unity power-factor) is zero, 
and thus no motor or generator effect is supplied from the 
alternating-current line. At this instant, if the converter 
is supplying direct current, it tends to slow down, on account 
of the excess of generator action within the armature. For 
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this reason, a single-phase converter is very unstable and tends 
Jbo h unt somewhat after the fashion of a single-phase syn- 
chronous motor but to a greater degree. Synchronous con- 
verters are therefore usually polyphase, in order to receive 
and deliver a steady flow of power. 

Of course the current flowing in any armature coil will be 
neither the alternating current supplied by the rings, nor the 
direct current supplied to the brushes, but a combination of 
the two. Since the amount of current in the coils deter- 
mines the heating of the armature, and this in turn deter- 
mines the kilovolt-ampere rating of the converter, it is 
essential that wc investigate the heat produced in certain 
typical armature coils. 

RELATIVE CAPACITY OF TWO-, THREE- AND 
SIX-RING CONVERTER 

131. Capacity of a Two-ring Converter. It is customary 
to compare the capacity of a machine used as a converter with 
the capacity which it would have if used as a direct-current gen- 
erator under the same conditions, such as speed and voltage. 

The capacity of most electrical machines is limited only 
by the temperature to which the various parts of the ma- 
chine may be allowed to rise with safety. In the converter, 
the heating effect of the current -upon certain armature coils 
limikuthe capacity. Accordingly, in order to compare the 
capacity of a machine as a converter of a particular type 
with its capacity as a direct-current generator, it is only 
necessary to compare the respective loads which will produce 
the same effective currents or the same rate of heating in the 
hottest armature coils. 

We will consider first the case of a two-ring converter as 
illustrated by Fig. 315, which is a copy of Fig. 301. Let us 
assume that as a two-ring converter, it is capable of deliver- 
ing 1000 amperes direct current at 120 volts. 

The voltage between the alternating-current rings then 
will be 0.707 X 120 or 84.8 volts. In order to simplify the 
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computation, wc will assume at first that there are no 
losses. 

At unity power-factor, the alternating current receivecTEy 
the rings would be 

1000 X 120 
1 “ 84.8 

= 1414 amp. 

We will now consider the current flowing under these con- 
ditions in typical coils of the armature. 

Coil Midway between Taps. Consider first the current in a 
coil which is midway between the alternating-current taps 
a and b. This would be such a coil as No. G of Fig. 315, 
which represents this converter running at synchronous 
speed and delivering 1000 amperes from the direct-current 
brush Iii. Of this 1000 amperes direct current, each of the 
two paths of the armature contributes one-half or 500 
amperes. Thus, while coil No. 6 was passing the &-polc it 
would be carrying a current of 500 amperes flowing in one 
direction, and while it was passing the A-pole it would be 
carrying 500 amperes flowing in the opposite direction. 
Therefore at all instants except at those two when the coil 
No. 6 was being short-circuited by the brushes it would be 
carrying 500 amperes. At .these two instants, as shown in 
Fig. 316, the current in the coil drops to zero and is started 
in the reversed direction. Fig. 317 represents the current in 
coil No. 6 throughout a complete cycle. Note that at the 
instants the coil passes under the brushes B\ and B% the cur- 
rent drops to zero and reverses its direction. At all other 
times* it has a value of 500 amperes. 

But in addition to this 500-ampcre current which is de- 
livered to the direct-current brushes, there is also the current 
which the coil receives from the alternating-current rings. 

We have seen that when the machine is running at syn- 
chronous speed, the impressed alternating voltage is greatest 
whenever the alternating-current taps are under the brushes. 
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At unity power-factor the alternating current would also be 
"TJPNitest at this instant, since the current would be in phase 
with the pressure. Thus the alternating current in coil No. 0 
would be greatest, at the instant shown in Fig. SI 5. Note, 
however, that this alternating current which is driving the 
machine would be in the opposite direction to the induced 



Fkj. M17. The direct, current in coil No. 0 of Fig. It is zero as the 

coil passes under brush /£>, and then becomes 500 amperes and remains 
/)()() amperes until the coil passes under brush Ii x . Here the current, 
again becomes zero, but rises to . r »()() amperes in tin- opposite direct ion 
as soiyi as tlie coil leaves tile brush. It maintains this current, until 
the coil again comes under brush Hi, where the current again becomes 
zero. 

e.m.f. and to the direct, current which the coil is delivering. 
When the coil has passed through a quarter of a cycle, as 
shown in Fig. 810, the alternating voltage and current be- 
tween the tapping points tt and h has become zero. The 
alternating current in coil NO. (> \vould therefore be zero at 
this instant. Notice that just at this instant coil No. 0 is 
passing beneath brush 7i|. As the armature continued to 
revolve, the alternating current in coil No. 0 would rise to a 
maximum in the* opposite direction, and gradually decrease 
to zero again as the coil came under brush Ii 2 . Note tlrat the 
alternating current, in coil No. 0 is zero at the same instant 
that the* direct current, is zero, and that at all other times the 
alternating current, is opposite in direction to the direct 
current in the coil. 

Fig. .‘518 shows the alternating current flowing in coil No. 0 
throughout, one cycle. Assuming no losses in the machine, 
we have seen that the effective value of the alternating cur- 
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rent is 1414 amperes. Since this flows in two parallel paths , 
in the armature, the ellectivc current in each path and th(^f£* 
1414 

fori 1 in coil No. 0 equals = 707 amperes. The maxi- 

707 

mum* value of this current equals t,r 1000 amperes. 

Thus, in Fig. .418, the alternating current in coil No. 6 is zero 



Fro. 31 S. When the power-factor is unity, tin* alternating current of 
sine wave-form flowing through coil No. (» of Fig. 415, the midcoil, 
is zero as the eoil passes under brush Ji St rises to a maximum of 1000 
amperes ns the roil passes the renter of the »S pole, and then deereases 
until it is zero again as the eoiT reaches brush By. The current now re- 
verses and grows to a maximum value of 1000 amperes in the opposite 
direction as the eoil passes the renter of the A’ -pole and decreases to 
zero when tin* eoil passes under brush Bi again. 

while the coil is under brush 7>\>, rises to 1000 amperes in a 
directitin opposite to the direct current as the coil passes the 
jS-pole and falls to zero when it passes under brush Hi. Here 
the current reverses, and then gradually increases in the 
opjxxsito direction, until it becomes 1000 amperes as the coil 
passes the center of the A r -pole, dropping to zero again as the 
coil comes under brush B». 

The resultant of this alternating current and the direct 
current must be the current flowing in the coil No. (5. Fig. 
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319 shows the peculiar shape that this resultant, current curve 
l^yll have. It is merely tin* direct-current, curve of Fig. 317 
with the alternating-current curve of Fig. 318 algebraically 



Vm. 3 It). The resultant current flowing in the iniilcoil of a two-ring 
converter is merely the sum of the direct current of Pig. 317 and the 
alternating current of Fig. 3 IS. 


added to it. The value of the resultant current at any in- 
stant can be found from the equation for this curve. 

/ 0 = Id ~ f m Sill <f>, 

where ?« = the instantaneous resultant current,. 

I,i = the direct current = 500 amperes. 

! m — the maximum value of the alternating current 
= 1000 amperes. 

<f> = time angle through which alternating current 
has passed, counted from instant when coil 
passes brush B 2 - 
Then ? 6 = 500 - 1000 sin 0. 

The heating of this armature coil would, of course, be 
proportional to the average of the squares of all the values of 
this resultant current, as shown by the curve in Fig. 320. 
This average value of the squares of the instantaneous values 
of the resultant current may be found by means of a plani- 
ineter if the curve is drawn to scale, and is equal to 1 13,000. 
The heating effect of the direct current alone would be pro- 
portional to 500 2 = 250, (MX). Thus coil No. 6 would be 
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limU'd — or 0.-452 as rapidly when the ntaehinc is used 
250, 000 

us II converter, as it would he when the machine is used as a 
direct-current generator, delivering the same load. 



Fn;. 320. r rhc‘ square* of (lit* curv<* of the resultant, current in the mid- 
coil. The heating of the coil will l>c proportional to the* average 
height of this curve. 

132. Heating of Coil at Tapping Point. If we examine 
the current conditions in a coil at one of the tapping points 
as, for instance*, coil No. 1 of Fig. 31.5 and 310, we see that the 
alternating current supplied to it is greatest (1000 amperes) 
just as this coil comes under the* brushes. 'The direct current 
at this instant, is just changing its direction and is therefore 
zero, as Mg. 315 shows. A quarter of a revolution later, 
when coil No. 1 has reached the position shown in Fig. 316, 
the alternating current has become zero, though the* direct, 
current is 500 amperes. 

Thus the direct and alternating currents in coil No. 1 can 
l>e said to be 00° out of phase and can be represented by the 
elnshjine curves of Fig. 321 . Note that in this coil the alter- 
nating current (lows against the direct current one-half the 
time and flows with it the other half. This produces the 
peculiar resultant curve* shown by the heavy line of Fig. 321. 
Note that it rise’s at instants to 1500 amperes. 

If we* square the* instantaneous value's e>f the current e>n 
this curve, we* finel that the*ir average value is 750,000. The 
square of the direct current in this coil is 500- e>r 250,000. 
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Juki's coil is therefore being heated 


750.000 

250.000 


or 3 


timea as much 


as though the machine were merely a direct-current generator 
of the same capacity. 

Treating coils No. 2, No. 3, No. 4 and No. 5 in the same 
way and averaging” their relative heating effects, together 



Fio. 321. The curve of resultant current in coil No. 1 at the tapping 
point of a two-ring converter is the heavy line and is the sum of the 
direct-current curve and the alternating-current curve shown in dash 
lines. 


with those of coils No. 6 and No. 1, we find that the total or 
average heating effect of a machine used as a two-ring con- 
verter is approximately 1 .38 times as much as when used as 
a direct-current generator delivering the same current and 
vol tage . As a direct-current generator, it can thus deliver 
Vi. 38 or 1.17 times the current it can deliver as a two-ring 
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converter.* Or as a converter it can deliver only T - ^ og| 

0.85 as much current it could be permitted to deliver if 
operated as an engine-driven direct-current generator. 

That is to say, neglecting all losses, a two-ring synchronous 
converter has 0.85 as great power capacity as it would have) 
if used as a direct-current generator of the same terminal 
voltage. 

133. Capacity of a Three-ring Converter. We can 

investigate the three-ring converter in a similar manner. 
Referring to Fig. 303, we see that coil No. 6 is the mid coil 
between taps a and b. The applied alternating e.m.f. in this 
phase is at its maximum when coil No. 6 is in the position 
of Fig. 303, and since it furnishes the motor current, the 
impressed e.m.f. must be in the opposite direction to the 
induced e.m.f. The alternating current in coil No. 6 there- 
fore opposes the direct current and reaches its maximum 90 
electrical degrees (in this case 90 space degrees also) after the 
coil passes under the brush B 2 . One-quarter period later, 
the alternating current in the coil will become zero, but 
during these 90 degrees the coil will have passed from its 
position in Fig. 303 to a position directly above brush B\ and 
thus the direct current will also become zero at this instant. 
The alternating current ‘and* the direct current are thus 
always opposed to each other. Fig. 322 shows these* two 
currents by the dash-line curves. The full-line curve repre- 
sents the resultant current in coil No. 6 when the armature 
is tapped for three rings. Note that it has the same shape 
as the resultant current in the same coil when the armature 
was tapped for two rings as shown in Fig. 319. The loops 
and consequently the effective value are much smaller, how- 
ever, due to the smaller current taken at each ring for the 
same direct-current output. 

* In other words, the average effective value of the resultant currents 
in all the coils is 1.17 as great as the direct current which the converter 
is delivering. 
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Fig. 322. The heavy line represents the resulting current in the mid- 
coil of a three-phase converter. This current is made up of curves 
of the direct current and the alternating current shown as dotted 
lines. Compare with Fig. 319 which shows the current in the midcoil 
of a single-phase converter. 

The*output and the input (assuming no losses and unity 
power-factor) each equals 

120 X 1000 = 120,000 watts. 

Voltage between rings A and B or taps a and b 

- 120 X 0.612 
= 73.4 volts. 

Since power in a three-phase circuit = 1.73 El cos 0, and 
cos 0 here equals 1.0, 

, 120,000 

current per ring = m ^ ?3 4 

= 943 amperes. 

The current in each phase of the delta-connected armature 
of Fig. 303 

943 
“ 1.73 

=» 545 amperes. 



630 


alternating-current electricity 


The maximum value of the alternating current in coil No. 6 
thus 646 

= 0707 

= 770 amperes. 


Tijis is the value used for the alternating-current curve of 
Fig. 322. The direct current, of course, has the same value; 
of 500 amperes as in the previous curves. 

To find the* heating effect of the resultant current in coil 
No. 6 we merely have to square the curve of Fig. 322 and 
find the average value as we did for the curve of squares in 
Fig. 320. This average value amounts to 56,000. The 
square of the direct current = 250,000. Thus coil No. 6 in 


56 000 

this case develops heat only ^ qqqqq or 0.224 as fast as it 

would if the machine were used as a direct-current generator 
for the same output. 

134. Heating of Coil at Tapping Point. Thre^-phase 
Converter. In the same way we can investigate coil No. 2 
of Fig. 303, which is at a tapping point. The alternating 
current is at a maximum in this coil as it is situated in Fig. 
303. Thus the maximum occurs 30 electrical degrees after 
it has passed under brush B 2 . 

The curves of the alternating current and of the direct 
current in coil No. 2 are shown by dash lines in Fig. 323, 
together with the resultant current curve in full line. Note 
that it has the same general shape of the resultant current 
in an armature coil at the tapping point of a two-ring con- 
verter, as shown in Fig. 321, except that its corresponding 
valueS are smaller, on account of the smaller alternating 
current in the coils of a three-ring converter. 

To find the heating effect of this resultant current we 
square the instantaneous values of this current and average 
them as in previous cases. 

This average of the square of the currents = 301,000. 

301 000 

This coil therefore heats ggo ' ooo = or t™ 68 88 



CONVERTERS AND RECTIFIERS 631 

fast as when the machine is used as a direct-current 
generator. 

Treating the rest of the coils of phase ab, Fig. 303, in the 
same way, and averaging the relative heating effects of all 
the coils of this phase, we find that the average heating effect 
of a machine used as a three-ring converter is approximately 
0.57 of what it would be if used as a direct-current gener- 



Fig. 323. The current curve in the tap coil of a three-ring three-phase 
converter. Compare with the current in the tap coil of a two-ring 
converter as shown in Fig. 321. 


ator delivering the same c urren t. As a direct-current 
generator it can thus deliver V 0.57 or 0.756 of the current it 
can deliver as a three-ring converter, since the heating is 
proportional to the square of the current.* 

Therefore, as a three-ring converter, it can deliver — or 

1.32 times the current it can deliver as a direct-current 
generator. 

* In other words, the effective value of the resultant current in the 
armature is 0.756 of the direct current delivered from the terminals. 
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136. Capacity of a Six-ring Converter. Using the same 
methods, we find that if six rings are used, the machine can 
deliver 1.97 times the power that it can deliver as a direct- 


current generator. 

Thus a machine fitted up as a six-ring converter has jr OF 

U.85 


97 


or 2.32 times the capacity that it would have as a two-ring 
1 97 

converter, and or 1*49 times what it would have as a 


three-ring converter. Accordingly, if the converter in the 
example which we have been using for our investigation can 
deliver 1000 amperes at 120 volts when fitted with two rings, 
1 32 

it could deliver times as much current, or 1550 amperes 

when fitted with three rings, and 2320 amperes when fitted 
with six rings, — as far as the heating of the armature coils 
is concerned. Of course a much larger commutator and 
more brush area would be required for the increased cur- 
rent output. Converters of 500-kw. capacity or over are 
commonly built with six rings; the smaller sizes, with three. 

The effect of lower power-factor in decreasing the capacity 
of a converter can be determined by merely repeating the 
above curves and computations for the same machine 
operated at any power-factor less than unity. It will be 
seen from the results of Prob. 28-9 that when the* power- 
factor on the converter of Fig. 303 is reduced to 87 per cent 
and the machine is compelled to deliver the same direct- 
current load of 1000 amperes at 120 volts, it greatly increases 
the effective current. A very slight decrease in the power- 
factor will cause a large increase in the current and I 2 R loss 
in the conductors near one side of the tapping points, and a 
decrease in the current and PR loss in the corresponding 
conductors on the other side of the tapping points. 

The following table, taken from the “American Handbook 
for Electrical Engineers,” summarizes the current, voltage and 
output relations between the various converters and a direct- 
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current generator.* The last two lines show the relative 
capacity of converters with different numbers of rings with 
the same total or average armature heating, when run at 
unity power-factor and at 87 per cent power-factor. 


TABLE II 

Voltage, Current and Output Ratios 


ft 

D-C. 

genera- 

tor. 



Converters. 




2-ring. 

3-ring. 

4-ring. 

6-ring 

diam- 

etral. 

6-ring 

double 

delta. 

12-ring. 

D-C. volts 

100 

100 

100 

100 

100 

100 

100 

A-C. volts between 
lines 


71 

61.2 

71 

71 

61.2 

71 

A-C. volts between 
rings 


71 

61.2 

50 

35 

35 

18 

D-C. amperes 

ioo’ 

100 

100 

100 

100 

100 

100 

A-C. amp. in line . 


141 

94 

71 

47 

47 

24 

A-C. amp. in wind- 


71 

55 

50 

47 

47 

45 

Relative I 2 R loss. 

100 

137 

55 

37 

26 

26 

20 

Relativeoutput,for 
same heating, uni- 
ty power - factor 

100 

85 

134 

165 

197 

197 

224 

87% power-factor. 



99 

115 

129 

129 

135 


Prob. 28-9. Assume that the three-ring converter of Fig. 303 is 
delivering 1000 amperes at 120 volts, but that it is running at 87 
per cent power-factor. Plot current? curves for the middle coil 
No. 6 similar to those in Fig. 322, and the curve of squares similar 
to Fig. 320. Determine the average heating of coil No. 6. Com- 
pare with heating of coil when machine is used as a direct-current 
generator delivering same current. 

Prob. 29-9. Repeat Prob. 28, for the tap coils No. 2 and No. 10, 
Fig. 303. 


The expression 



is the ratio of the capac- 


ity of a machine used as a converter at unity power-factor to the capacity 
the same machine used as a direct-current generator. The symbol n 
stands for the number of rings. It gives values slightly below those in 


the table. 
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Prob. 30-9. Repeat Prob. 28 for coils No. 4 and No. 5, and No. 
3 and No.* 11, Fig. 303. 

Prob. 31-9. From data obtained in text and above problems, 
compare by averaging the heating effect of all coils in one phase 
capacity of this converter when running at 87 per cent power- 
factor, with its capacity at unity power-factor. Compare with 
data in Table II. 

136. Rating of Converters. Overload. The rating of 
an electrical machine is the output marked on the rating 
plate, and is based on the maximum load which can be taken 
from the machine without exceeding the standard tempera- 
ture rise under certain standard test conditions. Converters 
are rated on the same basis as alternating-current generators. 
Sec A.I.E.E. Standardization Rules as revised to July, 1915. 

Converters built for railway substations must be able to 
stand momentarily a large overload. Accordingly, these 
converters, generally of the 25-cycle type, are rated so that 
they can deliver twice normal load for one minute, sihd one 
and one-half normal load for two hours without exceeding 
the specified standard temperature rise, and with no serious 
sparking at the brushes. 

The fact that the alternating current and the direct current 
oppose, and, to a large extent, neutralize each other explains 
the moderate heating at thescr overloads. The excellence of 
commutation is explained as follows. In Art. 10 we learned 
that in polyphase alternators the shifting of the magnetic flux 
due to armature reaction was steady and toward the trailing 
pole-tip. A converter is merely an alternator used as a syn- 
chronous motor, the direction of current relative to induced 
e.m.f. and field poles being opposite to the direction in the gen- 
erator. Thus the shift of the magnetic flux due to the alterna- 
ting current would be steady and toward leading pole-tip. The 
shift due to the direct current, which the machine might be 
delivering, would be steady and toward the trailing pole-tip. 
Since the alternating current is always practically proportional 
to the direct current, each tends to shift the flux almost an 
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equal amount, but in opposed directions. Thus the axis of 
sparkless commutation would be practically thesame*from zero 
load to the limiting overload.* Recent improvements have 
put the 60-cyclc converter on a par with the 25-cycle in the 
matter of ruggedness, simplicity, cost of operating and ability 
to carry overload. 

137. Voltage Variation in a Converter. Regulation. 

Owing to the resistance of the armature and brushes, the 
full-load voltage of a converter is somewhat less than the 
no-load voltage. But just as the heating of a converter is 
less than the heating of a direct-current generator delivering 
the same load, so the regulation is also less. This is due also 
to the opposing voltage drops in the armature and the 
opposing armature reactions of the direct and the alternating 
components of the armature current. 

For example, the armature resistance of a certain 14-pole 
250-volt 300-kw. 60-cycle converter was found to be 0.00264 
ohm w&en measured on the direct-current side. When deliv- 

300 000 

ering full-load current of — or 1200 amperes the drop 

due to armature resistance would be found as follows. 

We have seen in Art. 133 that the effective values of the 
resultant currents carried by the armature coils in a three- 
ring converter equals 0.75 of "the Rirect current delivered by 
the converter. 

Effective armature current, thus 

= 0.75 X 1200 
= 900 amperes. 

The average IR drop in armature, therefore, 

= 900 X 0.00264 (approximately) 

= 2.4 volts. 

* As seen in Art. 9, there is a double frequency variation in the 
armature reaction of a single-hhase alternator. Tliis causes poorer 
commutation in single-phase converters, and offers another reason why 
single-phase converters are seldom used. 
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The IR drop at the direct-current brushes, in modern con- 
verters, Averages about 2 volts for the sets of both polarity 
taken together.* 

The total drop at full load thus equals 
2 + 2.4 = 4.4 volts. 

4 4 

Regulation = = 1.8 per cent. 


This is a fair 'value for the regulation in the best types of 
separately excited converters. 

When the converter is used on a transmission system with 
step-down transformers, the drop at the direct-current 
brushes due to the transformer resistance and to the line 
resistance between the transformers and the converter is 
usually something over 3 per cent of the full-load voltage 1 . 
Thus the usual regulation is about 5 per cent on standard 
substation converters. 

138. Voltage Variation in Converters. Pulsation. The 

voltage between the direct-current brushes of a ccThverter 
is never quite steady. In addition to the regulation, or the 
variation in voltage from no load to full load, there is also a 
periodic voltage variation which takes place with no chang- 
ing of the load. 

In Fig. 301, it is seen that at this instant the current goes 
directly from the rings to £he brushes without going through 
the armature. The voltage across the brushes is thus the 
maximum alternating voltage minus, of course, the drop in 
the brushes. In Fig. 302, one-quarter of a cycle later, the 
rings are delivering no current, so the armature windings are 
carrying a direct current only, which flows from B 2 to Bj 
through the two paths in the armature. The brush voltagfc 
has therefore become the induced voltage (equal to the maxi- 
mum alternating voltage) minus the IR drop of the armature 
at this instant, as well as the drop in the brushes. Thus the 
voltage at the direct-current brushes has a pulsation back 
and forth twice during every cycle equal to the IR drop in 


* Barr and Archibald. 
441-451. 


{t Alternating Current Machinery,” pages 
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the armature when the full direct, current is flowing through 
it. Hue* to the arin.'iture reaction of double frequency and 
the alternate motor and generator effect, this pulsation is 
quite serious in a single-phase converter, but becomes less and 
less as more rings are added, being practically negligible in a 
six-ring converter. This fact is brought out very forcibly 
in Fig. 324, 325 and 32(5, which show actual oscillograms of the 
voltage at the direct-current brushes of a converter when oper- 
ated sis a, single-phase, a two-phase* and a three-phase machine*. 

139. Voltage Control of Converters. It has been slated 
that the* alternating characteristics of a converter are 1 those 
of a synchronous motor. It will be* remembered that 
st rengthening the* field current, of a synchronous motor 
ineivly causes the 1 armature 1 to take 1 a leveling curre'nt. We 1 
would naturally suppose 1 that the* fielel flux would be 1 ine*misc i el 
by a large 1 !* f i<d< l current, but the 1 loading armature 1 current so 
re ‘acts on the* fiedel flux that it re*mains prae*tie*ally the* same? 
strength as bc*forc the* fiedel currcMit was ine*re i ase i el. H ' Similarly 
le*ss(‘iiing the field e*urre*nt meredy e*ause*s a component e >f the 1 
armature current to lag and the* resulting armature 1 re*aedie)n 
holds the* titde l flux up to its forme*r value. As the* movement 
of the* rotor is always in synchronism with the 1 f resiliency of 
the line, and as edianging the 1 fiedel current eloe*s not. ediange 1 the? 
amount of the* flux, it is evieleaif that, the induend (Mii.f. in 
the 1 armature* must, remain pract legally constant throughout, 
any change* in the fiedel current. Thus the* voltages e>f a e*e>n- 
ve*rte*r canned. be* e*e>ntrolled by any fiedel e*e>ntre>l of machine*. 

Hut it is often desirable, especially in railway work, to 
raise* the duvet voltage* at a e*e>nverte*r substation when the? 
!«:nl is he*avv, in oreler te> keep the voltage normal at. the? far 
e*nd of the line. 

There? are 1 , in common prae*tic?e, five ways of aeeomplish- 
ing this, all ejf whiedi, e*xe*e*pt one, depend upon ineavasing the 
voltage? at the* alternating-current rings. Sines; the ratio of 
the* dirc'ct to the alternating voltage is prae*t.ie*ally constant, 
this increase* ed the alternating vedtage raise*s theelirect voltage. 


Set; Chapter I and Chapter VIII cm Synchronous Motor*. 
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Fig. 324. Oscillograms of singlo-pliase operation of a synchronous 
convertor, 4 poles, 00 cycles, 10 kvv., 110 volts (d-c.). Oscillograms 
furnished by Mr. C. \V. Bates . 



Fig. 325. Oscillograms of the converter of Fig. 324 operated as a two- 
plume converter. Note that the direct, voltage is much less fluctuat- 
ing in this case. Oscillograms furnished by Mr. C. W. Bates. • 



Fig. 326. Operation of the converter of Fig. 324 as a three-phase three- 
ring converter. Note that the direct voltage fluctuates even less than 
in the two-pliase operation. Oscillograms f urnished by Mr. C . W. Bates. 
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First. Extra taps on the transformers. A number of taps 
on the secondary of the transformers are brought out to 
switches. The converter runs on the intermediate taps at 
the smaller loads, hut as the load increases and the brush 
voltage falls, the rings are switched to the higher- voltage 
taps. 

Owing to the large currents to be switched there is great 
danger of fusing the contact points. For this reason, the 
taps are. sometimes brought out of the primary coils of the 
transformer, although switching of the high-tension currents 
then requires somewhat expensive and complicated apparatus. 

Second. Induction regulator. To avoid the switching 
difficulties mentioned above, it is more customary to use an 
induction regulator to control the alternating voltage at the 
rings. This device can be made automatic, as explained in 
Chapter IV. 

Third. Synchronous booster. A small alternating-cur- 
rent ^fmerator is sometimes mounted on the same shaft as 
the converter in order to raise the alternating voltage* at the 
rings of the converter. The small generator is culled a 
synchronous booster and may be either of the revolving-field 
or of the revolving-armature type. The booster, marked 
S. (t. B. in Fig. .‘127, is of the revolving-field type, the revolv- 
ing-armature type usually bring placed inside the block be- 
tween* the collector-rings and the armature windings of the 
converter proper. Tin? armature, of the booster is connected 
in series with the supply line, and since the? booster and the 
converter have the same .number of poles and an; on the 
wrine sliaft their frequencies are the same, and they are always 
in synchronism when the converter is running normally. 
Thus the voltage across the rings is the sum of the line volt- 
age and the booster voltage.* 

By sending the direct current delivered by the converter 

* The booster may be designed so that the polarity of the* field coils 
may be reversed. In this case the ring voltage may he either the sum 
or the difference of tin* lino and the booster voltages. 




Eiu. 327. Synchronous convert or •with synchronous booster. The 
booster is the small machine on the right direct-connected to fhc gen- 
erator. The armature of the booster is placed in series with the line 
supplying the converter. The General Electric Co. 

Fourth. Regulating or split pole t The general const ruc- 
tion of a regulating-pole converter is shown in Vig. 
"Between the main polos M , smaller regulating poles Ft are 
placed, not in the middle of the space hut slightly nearer the 
trailing polo-tip. Those regulating poles are excited inde- 
pendently of the main poles, and may even be of opposite 
polarity to the main poles nearest to them. 

* Electric Journal, Feb., 1013. 
t Adapted from General Electric Bulletin No. 4723. 
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In order to study the effect of these regulating poles, con- 
sider the action of the main pole and the regulating pole on 
a group of armature conductors between the direct-current 
brushes a and b. Let us assume that the regulating poles 
are not excited and that the direct e.m.f. produced by the 



Fia. 328a. Diagram of a converter fitted with regulating poles R. 

Note that these poles are placed near the trailing tip of the main 
^ poles.. 

conductors cutting the flux of the main poles is 250 volts. 
Ifhe alternating e.m.f. for a diametral connection would then 
SeJJ.71X25p or 178 yolts. Thus when the e.m.f. at the 
vi»eCl?8ufirent brUsheSTis 250 volts, the e.m.f. betweep any 
two diametrally connected rings would be 178 volts. 

If now we keep the main pole excitation unchanged and 
excite the regulating poles so that each furnishes 20 per cent 
as much flux as the main pole nearest it and in the same 
direction, the direct voltage will become 120 per cent of 250 
or 300 volts, since the conductors between each set of brushes 
are cutting 20 per cent more flux than before. Let us see 
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what the alternating voltage has become between any two 
diametral taps. Although the wave-form of e.m.f. generated 
by the flux of the regulating poles is composed largely of the 
odd harmonics, for all practical purposes, it may be treated 
as a sine wave of the same frequency as that set up by the 
maiil poles. There are thus practically two sine waves of 
e.m.f. induced in each group of armature conductors as if 
passes each set of main and regulating poles. The resulting 
induced e.m.f. # is therefore merely the sum of these two waves. 



Fig. 328b. Topographic vector diagram of voltage between two diam- 
etral taps when the converter is supplied with regulating poles of 
20 per cent of strength of main poles. The resulting voltage OH, 
when the regulating poles is excited in the same direction as the main 
poles, is the vector sum of the voltage OA due to the main poles, and 
the voltage AB, due to the regulating poles, so placed that the volt- 
age due to them lags 75° behind the voltage induced by the main 
poles. Vector OC represen ts # the diametral voltage when the # regulat-j 
ing poles are reversed. 

But note that the e.m.f. due to the regulating poles reachc^ 
its maximum value much later than the c.m.f. due t^Jhri 
main jx>le, in fact there is usually a pW^nifferen^W r arb«yit. 
75° between the two. (If the regulating poles were exactly 
half way between the main poles, the phase difference would 
be 90°, but the regulating pole is about 15° nearer the earlier 
pole.) We may thus find the resultant e.m.f. between any 
two diametrally connected rings by means of a vector dia- 
gram as in Fig. 328b. Vector OA represents the effective 
e.m.f. of 178 volts produced by the flux from the main poles. 
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Vector AB lagging 75° behind OA represents the effective 
e.m.f. of 20 per cent of 178 or 3/5.6 volts prodiflred by the 
flux from the regulating poles placed 75 time degrees later 
than the main poles and excited in the same direction. 
Vector OB represents the resultant effective e.m.f. of 190 
volts. Thus the regulating pole has increased the diametral 
alternating e.m.f. 190 — 178 or 12 volts only, while it has 
raised the direct voltage 300 — 250 or 50 volts. 

Similarly, if we reverse the flux in the regulating poles 
keeping it still equal to 20 per cent of the flux in the main 
poles, the resulting e.m.f. between two direct-current brushes 
such as a and 5, Fig. 328a, would be 250 — 50 or 200 volts. 
The effective value of the alternating e.m.f. between rings 
connected to diametral taps would be represented by the 
vector OC of 171 volts in Fig. 328b. This e.m.f. is merely 
the resultant of the vector OA representing 178 effective 
volts of the main field and the vector AC representing 35.0 
effective volts of the regulating field. The vector AC is 
drawn at 180° to vector AB because the? field and therefore 
the induced e.m.f. lias been reversed. Thus the reversed 
regulating pole* produces a change of 178 — 171 or 7 volts 
in the alternating voltage, but a change of 250 — 200 or 50 
volts in the direct voltage*. The range of the voltage at the 
direct-current brushes is t her (‘fore from 200 to 300 volts if 
' the ifiain field is kept constant and the regulating poles 
jdinngcd 20 per cent in each direction. The change in the 
alternating-current rings would be from 171 to 190 volts at 

per cent as great as the direct- 
• 

Hut the effective value of the alternating voltage applied 
to a converter is practically constant. Accordingly, the 
effective value of the induced e.m.f. must be made constant. 
This is readily accomplished by changing the excitation of 
the main field enough to counteract the? slight change in the 
alternating e.m.f. caused by the regulating pole. Thus in 
Fig. 328c, the vectors 0A t AB and OB are merely repro- 
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duceel from Fig. 328b, in which OA is the alternating c.m.f. 
due to the* main field, AB the e.m.f. due to regulating pole 
20 per cent as strong as the main poles and OB the resultant 
e.m.f. of 190 volts between rings diametrally connected. The 
direct voltage for this strength of main poles and regulating 
poles is 300 volts. If now we decrease the strength of the 

\ 

\ 

\ 

\ 

\ 

\ 



Fie. 328c. Diagram showing that the voltage OH, OH\ ami OIL be- 
tween diametral taps can he kept constant at 100 volts by increas- 
ing the main-pole voltage to OA t and OA* as the regulating poles 
are weakened to A\B\ or even wversed to A >H>. r rims the vector Oii 
is the resultant of the main-pole voltage* OA and the rcgiilntiiilc-poh* 
voltage AH. The* vector OH\ (‘(plats the vector OH\ and is the* result- 
ant of main-pole voltage* OA \ and the) regulating-pole voltage* A \ ^ 
OIL is the* resultant of OA* and A*H*. The change in the rogulatin - 
pole* voltage, however, changes the. ( lirertw w^ lLagc pv 

reguhiting poles to one-half their former value, so that the 
effective e.m.f. induced by them is only 17.8 volts as repre- 
sented by the vector A^B U and at the same time increase the 
strength of the main pedes from OA to OA j, the resulting 
alternating e.m.f. will have the value represented by the 
vector OB v which is equal to the vector OB in length because 
they are both radii of the same arc BBJh of a circle. 
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Tho value of the vector OA t representing the strength of 
the main field may bo found by the equation “ 

OA\ = OTi\ - AJi\ + OA, X A Ah cos 105° 

OAi — 188 volts. 


If therefore we increase the main field so that the effective 
alternating e.in.f. is 188 volts instead of 178 volts, and at the 
same time decrease the regulating poles field s*o that the alter- 
nating e.m.f. is 17.8 volts instead of 35.(5 volts, we shall main- 
tain the same effective value*, of 190 volts for the induct'd 
alternating e.m.f. between rings dinmetrally connected. 

This change in the main and the regulating fields causes the 
following change in the voltage across the direct-current 
brushes, which was 300 volts before the change, — 250 volts 
due to main field, and 50 volts due to regulating field. The 
regulating field volts have been reduced one-half to 25 volts 


and yio main field volts increased to 


1 88 

of 250 or 2(55 volts. 


The total direct voltage is therefore 2(55 + 25 or 290 volts. 
There is thus a reduction of 10 volts across the direct-current 
brushes with no change in voltage* across the* alternating- 
current rings. Kveu with the regulating poles reversed the 
alternating e.m.f. may be kept constant by increasing the 
main field, as is seen from vector OB* which is the resultant 
ring e.m.f. for a main-field strength of OA « and a reversed 
yegulating-field strength of A*B*. 

The practical limit to the variation of the voltage between 
m k direct -p t br^ghtis is about 20 per cent in either* 
d'fThcTioii of pohuTCyof the regulating poles or 40 per cent 
total. By means of voltage regulators, the* currents through 
the main-field coils and the regulating-field coils may be 
automatically controlled, thereby making the regulation of 
the converter automatic. Kig. 328d shows the* appearance 
of a regulating-pole; converter. 

Fifth . Compound-wound converters with series reactances. 
Where a converter regulation of from 5 to 10 per cent is 
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desired, the fields of the converter are often compounded, by 
having senes field coils which carry the current delivered 
by the direct-current brushes. Of course as the current 
varies in Ihe series windings, it can do no more than 
vary the power-factor of the alternating current supplied to 



the brushes. But an inductive reactance, X, is placed in 
series with the converter across the secondary of the trans- 
former as shown in Fig. 329. The voltage between the rings 
will, therefore, equal the voltage of the transformer minus 
(vectorially) the voltage consumed by the reactance. The 
voltage required to overcome the reactance is always 90° 
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ahead of the current through it. Thus, by causing the 
current to lead the ring voltage sufficiently, the voltage 
across the reactance will so combine with the transformer 
voltage as to cause the ring voltage to be higher than that 
which the transformer gives. This is very analogous to tho 
rise in voltage at the end of a long line possessing consider- 
able reactance when a leading current is sent over it. 

The strength of the shunt fields is generally so adjusted 
that at the average load on the converter, the power-factor 
will "be as nearly as possible unity, because the load-capacity 



Fig. 329. The reactance X is placed in series with the converter rings 
across the secondary of the transformer. The voltage Er between 
the rings is always the vector difference of the voltage Et across the 
transformer and the voltage Ex across the reactance coil. 

and the efficiency are greatest at the highest power-factor. 
This load is usually about three-quarters of the rated load of 
the converter. At less load than this, the weakening of the 
series fields causes a lagging current, and at greater loads, tho 
theff aase field causes a leading current. 

' ”TE?rise m'rmjf ' voltage as the strength of series field in- 
creases with the load and advances the phase of the current 
is seen from Fig. 330, 331 and 332. 

In Fig. 330, the converter is delivering one-half rated load, 
and the series field combined with the shunt field is so weak 
that the alternating current /, which is supplied by the 
transformer, lags ot° behind transformer voltage E T . To find 
the ring voltage E R , draw vector E T to represent the trans- 
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former voltage and vector I to represent the transformer 
current at # proper angle a° behind E T * The drop across the 
reactance X will lead the current I by 90°. Accordingly 



Fig. 330. Vector diagram showing current and voltage conditions for 
the arrangement of Fig. 329 when the converter carries one-half load. 
The weak field causes the current I to lag a° behind the transformer 
voltage Et- The ring voltage Er equals Et minus (vectoriallv) the 
voltage Ex across the reactance coil. E x must lead / by 90°. 



Fig. 331. Vector diagram when the cormaafrj name 
full load. The current I has increased and 1 TfRs sv 
phase with Et because the field has become stronger. Er has in- * 
creased slightly because E x has become more out of phase with 
Et. Er and I are in phase and converter is operating at unity 
power-factor. 


draw Ex( — IX) at 90° to /, leading. Connect O and the tail 
of Ex with a vector, which will represent Er in amount and 
in the proper phase relations to Et and /, because the ring 
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voltage plus (vectorially) the drop across the reactance equals 
the transformer voltage. Note that at one-half* load, the 
current / lags a little, 0°, behind the ring voltage E R and that 
the ring voltage E R is less than the transformer voltage Et . 

In Fig. 331, the load has increased to three-quarters full 
load, the current still lags a. behind the transformer voltage, 
although by a smaller amount, but is in phase with the ring 
voltage E Rj which has increased slightly, due to the change 
in direction of /. 

In Fig. 332, the full-load current through the series coils 
has caused the current / to lead the transformer voltage E r . 



l'Ki. 332. V ctor diagram of conditions when the convertor of Fig. 
321) is carrying full load. The increased current. / now lends the? volt- 
age Et because the ficdel has become much stronger. The ring voltage 
En has now become greater than th«j transformer voltage Et, although 
it still equals E T © Ex. 

m 

The combination of the drop across the reactance and the 
transformer voltage now causes the ring voltage E R to be 
tlianJ^ fiJ ine vojj^ge. Note, however, that the drop 
still leads the current by 90° aijd that 
the transformer voltage Et minus (vectorially) this reactance 
drop still equals the ring voltage E R . 

It is the usual practice so to arrange this combination that 
the rise in the ring voltage, as the load increases, causes the 
direct voltage to rise just the amount it loses on account of 
the increase in armature and transformer drop. This pro- 
duces practically constant direct voltage at the brushes from 
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no load to full load. It is not good practice to over-com- 
pound a (Converter on account of the loss in capacity which 
would be caused by operating at less than unity power- 
factor. The necessary reactance is generally obtained by 
constructing the step-down transformers with the amount 
of leakage reactance required to flat-compound the con- 
verter list'd. 

140. Voltage and Power-factor of Compound- wound 
Converters at ‘Various Loads.* For modern railway con- 
verters, the following approximate method of computing the 
terminal voltage on the direct-current side and the power- 
factor at various loads is sufficiently correct. The voltage 
of a transmission line usually varies from time to time through 
values of several per cent, hence there is no practical need 
of a more accurate? determination of the voltage variation at 
the converter under various loud conditions. However, it 
may he said for the method here presented, that it is as 
precise as the determination of the resistance and the re- 
actance of a convertor circuit. 

We have seen that ail ohmic (or TI{) drop of 5 per cent, at 
full load is a fair value for a modern converter. The syn- 
chronous reactance drop of the same converter will also be 
about 5 per cent. It is good practice to design the trans- 
formers to be list'd for flat-compounding with such a con- 
verter with about. 10 per cent'lenkage reactance. This makes 
a total reactance drop of 15 per cent. 

The ampere-turns in the armature at full load usually are 
approximately equal to the ampere-turns in the shunt field at 
no load when the field current i s, adj usted to giv e 
voltage at no load and unity power-fa ( lUKu/' JV 

The series field at full load has generally about one-half 
as many ampere-turns as the shunt field at no load. 

The effective power loss at no load, unity power-factor, 
normal direct voltage, would be about 1.5 per cent of the full- 
load effective power, and it would increase with the load, 
approximately in proportion to the ohmic drop. 

* For this practical method the authors arc largely indebted to an 
article by Mr. Jens Bache-Wiig in the Electric Journal, for Nov., 1910. 
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Example 7. A modern compound synchronous converter was 
designed to have unity power-factor and normal voltage at the 
average load, which would probably be about three-quarters of the 
rated full load, when a reactance was used in series with it. Com- 
pute the power-factor and voltage at: 

(«) No load. 

(ft) Half load. 

(c) Full load. 

(ti) At 50 per cent overload. 

Data summary: 

Per cent 


Armature ampere-turns at full load 100 

Shunt field anip.-turns at no load, unity power- 

factor 100 

Series field amp.-turns at full load 50 

Reactance drop, total at full-load current 15 

Resistance drop, total at full-load current 5 

Effective power at no load 4 5 


(a) At No Load. With the converter designed to have unity 
power-factor at £ load, the shunt field rheostat must be so set that 
the sum of the ampere-turns in the shunt field and the series field 
at £ load equals 100 per cent, or the value which it was found the 
shunt field alone must have in order to produce unity power-factor 
at no load, with rated voltage. 

At three-quarters load the series .field would have the value 

• » 

0.75 of 50 per cent = 37.5 per cent. 

Thus the shunt field would be required to have only 

100 per cent — 37.5 per cent = 02.5 per cent. 

■ That { .s, at £ load we would set the shunt field rheostat so* that it 
produced 02.5 per cent of the zero-load field. The series coils would 
then produce 37.5 per cent. 

At no load the fields would be under-excited and a lagging current 
would flow in the armature. The reactive component of this 
current would be the same fraction of the full-load current that the 
excitation is below that required for unity power-factor. The 
fields are under-excited 100 — 02.5 or 37.5 per cent. Thus a lagging 
current of 37-J per cent of the full-load current will flow in the 
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armature. The current component in phase with the voltage will 
be too small at no load to be considered.* 

Since a full-load current causes 5 per cent resistance drop, this 
37j j>er cent current would cause 0.375 X 5 per cent or 1 .88 per cent 
drop. 

This resistance? drop will be in phase witli the 37 J per cent current. 
But as this current is wholly reactive, this resistance drop lags 90° 
behind the impressed voltage. So small a value at right angles to 
the voltage does not appreciably affect the ring voltage as is seen 
from Fig. 333, ill which the vector Er represents tin; ring voltage 
(100 j>er cent) and I\ the reactive current through the armature at 
no load. I xK then represents the resistance drop due to this re- 
active current. Note that no attempt is made to draw the vectors 
to scale. The smaller values could not be represented if drawn to 
the? same scale as the larger. For tin* sake* of clearness, the result- 
ant armature current is not drawn. In each case it is merely the 
vector sum of the power current and the reactive current. 

A full-load current causes a 15 per cent drop clue to reactance. 
Therefore 37 J per cent current will cause 37 J X 15 per cent or 
5.03 per cent drop due to reactance. This reactance drop always 
leads the current, by 90°, thus the vector I xX represents the amount 
and phase relation of this reactance drop. Note that it is in phase 
with the ring voltage* Er. The power component of the* current 
would be 4.5 per cent, and the IR drop in phase with this current 
would be 0.045 X 5.0 per cent or 0.225 percent, which is negligible. 
Of course the* reactance drop, 0.045 X 15 per cent or 0.075 per cent 
would also be; negligible*, in comparison with Er which is 100 per ce*nt. 

* Armature ampc*re-turns a£ 'full loael equal shunt-fielel ampere 
turns at no load, unity power-factor. The* component of armat*ire eur- 
re*nt which lags 90° behind the* voltage prod uc«*s a purely demagnetizing 
cfTect in a generator, or a purely magnetizing effect in a synchronous 1 
motor. Now, if the shunt fie»ld e*xeitat.ion is 50 per cent below the values 
that will produce 100 pe*r ee*nt powe?r-fa^Ua^at zero lof^^we liave^^l^M 
that the* machine will take a lagging rcacUve£l 9 Ni|ig^>JCi%$! | (^ 
this component will grow in (effective) value until by its magnetizing 
action it has restored the flux to its former value, or rather until it has 
made the counter e.m.f. again just about equal to the impressed e.rn.f. 
As the shunt field ampere-turns had been reduced 50 per cent (below 
unity power-factor value), enough lagging reactive armature amperes 
must flow to restore this 50 per cent of reduced field ampere-turns; and 
as full-load armature current produces armature ampere-turns equal to 
leld ampere-turns, it will require lagging reactive armature amperes 
equal to 50 per cent of rated full- load amperes, in order to restore the 
cquthbiium or make the counter e.m.f. equal to the impressed e.m.f. 
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In order to have a ring voltage of 100 per cent at zero load, the 
secondary transformer voltage must be 100 + 5.63 *4-. 0.23 or 
105.9 per cent. That is, when there is no load on the transformer, 
its secondary voltage would be 105.9 per cent of the voltage at full 
load. As the given values of resistance and reactance included the 
armature of the converter, the terminal voltage between, d-c. 
.brushes at no load will also be 100 per cent of full-load voltage. 
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Fig. 333. Vector diagram at no load for current and voltage con- 
ditions for the compound-wound converter of Example 7. Er * 
ring voltage. IpR = resistance voltage drop due to power compo- 
nent of current. IxR = resistance voltage drop due to reactive com- 
ponent lx of current. IpX = reactance drop due to power component 
of current. IxX = reactance drop due to reactive component of 
current. The transformer voltage Et (not shown in diagram) =* 
IpX @ IxX © IpR © IxR © Er = 105.9. 

Power-factor at No Load. Power-factor equals the relation be- 
tween effective and apparent power, or between power component 
of no-load current and total current at no load. 

• • 0 

• 4 5 

Power-factor at no load = *-p=========== = 12 per cent. 

V37.5* + 4.5* 

We have seen in Chapter I that any power-factor below 0.20 is 
j - ias^plly the. vme as zero nower-factor in its effect. Fig. 333 is, 
therefore, t>rac i&auj * correct in that the current lags 90° behind the 
voltage. The omission of the power current from the diagram does 
not materially change the amount or the phase relations of the 
armature current. 

As there is only a small current drawn from the line under these 
conditions, the low power-factor does not appreciably affect the 
line power-factor or voltage. 

(6) Half Load* St one-half load (meaning half of rated load 
d-c. watts output), the power component of the current input is 50 
per cent, and the IR drop due to it will be 0.50 X 5 per cent — 2.5 
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per cent. In Fig. 334, vector IpR represents the drop in phase with 
the powef component of the current, Ip. The reactive drop due to 
this power current equals 0.50 X 15 per cent = 7.5 per cent and is 
represented by the vector IpX leading the current Ip by 90°. 

The series-field amperes now equal 0.50 X 50 per cent * 25 
per cent. 

The shunt-field ampere- turns are constant, therefore the total field 
ampere-turns = 62.5 4- 25 = 87.5 per cent. # 



Fig. 334. Vector diagram for half-load conditions of converter of 
Example 7. E T (constant at 105.9) — IpX ® I x X ® IpR ® Er. 
Er - 101.2. 


The converter is thus 100 — 87.5 or 12.5 per cent undeij-excited. 

Therefore a 12.5 per cent lagging reactive current flows in the. 
armature which is represented by the vector lx lagging 90° behind 
Ip in Fig. 334. 

The IR drop in this direction would be 0.125x5 per cjQj^r 
0.625 per cent, too small to affect th^computatlon^SNNWlf 
to Er. 

The reactance drop, 90° ahead of the reactive current, equals 
0.125 X 15 per cent = 1.875 per cent and is represented by the 
vector IxX. 

Thus the transformer voltage Ep in Fig. 334 is practically made 
up of the ring voltage Er, the reactive drop due to the power 
current IpX, the reactive drop due to the readKve current IxX- and 
the ohmic drop due to the power current I pR. But Ej> has the same 
value as at no load, namely, 105.9 per cent. 
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Therefore, 

or 


105.9® 
(4.38 + E r ) 
Er 


(IpXy + VxX + IpR + Enf, 
7. 5® + (4.38 + E r )\ 

V 105.9® — 7.5®, 

105.6 - 4.4 

101 . 2 . 


Power ^factor. Assuming that the watts lost increase in propor- 
tion to the ohmic drop due to the power current, then losses will be 
4.5 -f- 2.5 * 7 per cent. The power output is 50*per cent of full- 
load output, therefore 


power-factor (approx.) 


(50 +7) 

V (50 + 7)® + 12.5® 

total wa tt s input 

V (watts input) 2 4- (reactive volt amp.)* 


57.0 
" 58.4 
= 0.976. 



Eb - 101.5. 


- Three-quarters Load. 

At three-quarters load : 

The IR drop in phase with the power current = 0.75 X 5 
per cent = 3.75 per cent and is represented by vector 
IpR in Fig. 335. 

The reactance drop due to power current = 0.75 X 15 per 
cent = llfp per cent and is represented by vector IpX, 
There is no reactive current component because 'tit this load 
the fields are adjusted for unity power-factor. 
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From Fig. 335: 

E* t - 11.25* 4- (3.75 4 Er)\ 

(3.75 4 E r ) ~ V 105.9* - 11.25*, ‘ 

= 105.2 - 3.75 
= 101.5 per cent. 

(c) Full Load. 

At full load : 

The olimi# drop due to power current — 5 per cent. 
The reactive drop due to power current ■* 15 per cent. 
The series field = 50 per cent. 

Total field = 62.5 4 50 = 112.5 per cent. 
Over-excitation = 32.5 per cent. 



Fig. 336. Full-load conditions of converter of Example 7. Er = 101.6. 


Leading reactive current = 12.5 per cent. 

Ohmic drop due to reactive current = 0.125 X 5 per cent = 
0.625 per cent. 

Reactive drop due to reactive current = 0.125 X 15 per 
cent — 1.87 per cent. 

This is 90° ahead of the reactive current and is represented 
by the vector IxX in Fig. 336. 

The ring voltage from Fig. 336 can be found by the following 
equation: 

105.9* ~ (Er 4 5 — 1.88)* 4 (15 4 0.63)*, 

{E b 4 3.12) = V 105.9* - 15.63*- 
Er « 104.7 - 3.12 
= 101.6 per cent. 
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Power-factor (approx.) 


(100 + 4.5 + 5) 

V(100 4* 4.5 + 5)* + (12.5)* 


total watts input as per cent of rated watts output 
total volt-amperes input as per cent of rated watts output 
* 99.5 leading. 


(d) Overload of 50 per cent. 

At 50 per cent overload : 

The ohmic drop due to power current = 1.50 X 5 per cent *» 
7.5 per cent (*= IpR). 

The reactive drop due to power current = 1.50 X 15 per 
cent = 22.5 per cent (IpX, Fig. 337). 

The series field = 1.50 X 50 per cent * 75 per cent. 

Total field - 62.5 75 - 137.5. 

Over-excitation = 137.5 — 100 — 37.5 per cent. 

Reactive leading current — 37.5 per cent. 

Ohmic drop due to reactive current * 0.375 X 5 per cent — 
1.875 per cent (~ IxR)- 

Reactive drop due to reactive current = 0.375 X 15 per 
cent = 5.625 per cent (= /*X). 

The voltage at the rings is found from the equation obtained 
from Fig. 337. 

(E r + 7.5 - 5.63) 2 + (22.5 + 1.88)*. 

y/ 105.9* - 24.38*. 

103.0 - 1.87 
101 V 1 p^r cent. 

(150 4- 4.5 + 7.5) 

y/ (160 4- 4.5 4- 7.6)’ + 37.6* 

97.5 per cent leading. 


E 2 t = 
(Er + 1.87) - 
E % - 

Powfcr-factor (approx.) — 


- The relation 'Of load to power-factor and voltage at the direct-cur- 
rent brushes of this synchronous converter is readily seen frem the 
curves in Fig. 338. The direct-current voltage at no load is plotted 
as 600 volts, the usual railway substation voltage. By plotting 
these curves for various combinations of reactances, and series-field 
strengths, it is possible to ascertain the most desirable value for the 
reactance and the series field, when a certain load is specified at 
which unity power^bctor must be obtained. The following prob- 
lems show the results of varying the resistance, reactance, series- 
field turns, or unity power-factor load for a given converter. 
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Prob. 32-9. Plot curves as in Fig. 338, for the machine of 
Example 7, with the specification that the power-factor shall be 
unity at full load instead of at $ load. What is usually the dis- 
advantage of this specification? 

Prob. 33-9. Change the ampere-turns in the series field of the 
converter of Example 7 to 75 per cent and plot curves as in Fig. 338. 

Prob. 34-9. Show the effect on the power-factor and voltage 
regulation from no load to 50 per cent overload, if the total react- * 
ance had been 25 per cent instead of the 15 per cent of Example 7. 



Prob. 36-9. Let the ohmic resistance of the converter in Ex- 
ample 7 be 10 per cent instead of 5 per cent and replot the curves 
of Fig. 338. 

Prob. 36—9. Point out the various sources of i n a ccuracy ih'tEis 
method of computing the power-factor and voltage regulation of a 
converter, and explain why they do not lead to considerable errors. 

^ se of Commutating Poles on Converters. In 
Art. 132 it is stated that there is practically no armature 
reaction in a synchronous converter. This is strictly true 
at low commutator speeds and moderate current output 
per square inch of brush surface. Recently, however, the 
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number of poles has been cut down to get more distance 
between brush holders. This has correspondingly increased 
the necessary commutator speed. Modern machines must 
also stand momentary loads equal to twice the normal load. 



1?ig. 338. Curves showing the relation between load and power-factor 
on the converter of Example 7. The voltage at the direct-current 
brushes is practically constant. 

Under these severe conditions* aif armature reaction is ap- 
parent and, the field is shifted slightly, but still not enough 
to cause poor commutation at the lower speeds. By means 
of commutating poles with from 25 per cent to 40 per cent 
as many ampere-turns as the armature has, the shift of the 
field flux has been neutralized as in direct-current dynamos 
and the sparking practically eliminated. A great increase in 
the output per pound weight and an accompanying decrease 
in the cost per kilowatt output have resulted. In fact, the 
limiting factor which determines the capacity of a machine 
is now the amount of heat which the armature coils can 
radiate without too great a rise in temperature, rather than 
the amount of current which the brushes can t alee from the 
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commutator without sparking. Commutating poles are not 
used in regulating-pole converters. 

142. Hunting. Damping Grids. Synchronous conver- 
ters like synchronous motors are likely to hunt when any 
sudden change in the load or in the line^voltage takes place. 
In fact, owing to its slight armature reaction, a converter is^ 
much more sensitive to these sudden changes, and has an 
even greater .tendency to hunt than a synchronous motor. 
A 60-cycle converter is more sensitive than a 25-cycle, the 
reason being that for the same speed it must have more poles, 
and hence less space between brushes. Accordingly, the 
same mechanical displacement out of the synchronous posi- 
tion would mean greater electrical phase-displacement in a 
60-cycle converter, and hence greater synchronizing current. 

In converters, hunting is likely to cause not only falling 
out of step, but also destructive sparking at the direct- 
current brushes, even “flashing over” from brush to brush. 
The flux set up by the armature rotates with respect^fco the 
armature at synchronous speed, in the opposite direction to 
the rotor, and thus stands still with respect to the field poles. 
But when the armature swings back and forth, behind and 
ahead of the synchronous position, its conductors cut the 
field flux correspondingly, and may set up large momentary 
circulatory currents in thoser conductors which are short- 
circuited by the brushes. * 

Hunting is effectually prevented under normal conditions 
by the use of damping grids or squirrel-cage windings of 
heavy copper, set in the pole-faces as shown in Pig. 240 and 
297. • These grids form closed circuits for the eddy currents 
induced by oscillation of the armature flux, which offer an 
opposing torque to the swinging of the rotor. However, they 
lower the efficiency of the converter somewhat more than 
one per cent. No converter, however, should be expected 
to operate satisfactorily on a line having much over 10 per 
cent line drop, unless the line is especially free from periodic 
variations jfi voltage and frequency such as are often caused 
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by the pulsation of the prime movers. A large line drop 
means great line resistance, and great line resistance means 
a limiting of the synchronizing current, and thus a limiting 
of the force which tends to keep the rotor in synchronism. 

Damping grids are never made to enclose any part of the 
commutating poles, &s they would tend to choke any suddep 
"increase or decrease of the flux in these poles. This would 
cause the commutating action of the poles to lag, and spark- 
ing would occur until the commutating flux could change 
properly. 

143. Starting Synchronous Converters. There are three 
common methods of starting synchronous converters. 

(а) By Means of a Small Induction Motor mounted on the 
same shaft. This induction motor has one fewer pair of 
poles than the converter, and consequently is able to raise 
the speed above the synchronous speed of converter. This 
enables the converter to be synchronized readily. 

(б) a Direct-current Motor. The converter is brought 
up to speed as a direct-current motor and synchronized by 
controlling the strength of the shunt-field current. It would 
require but a comparatively low direct voltage to start the 
motor and bring it up to synchronous speed, but the direct 
voltage must also be high enough to force sufficient current 
through the field coils to producer unity power-factor, as soon 
as the converter is thrown on the alternating-current line. 
Otherwise large reactive currents will flow in the armature. 

(c) By the Induction-motor Effect on the Converter Itself. 
This is the most common and cheapest method of starting. 
Half-voltage taps are generally brought out from the second- 
ary of the transformer. When the double-throw switch is 
thrown to the starting position it merely connects these 
half-voltage taps to the rings. This supplies enough current 
to start 41 the armature, but not enough pressure to produce 
excessive currents in it. If the pole-faces were not laminated 
strong enough eddy currents would be induced in the iron of 
* Bee Chap. VII, Introduction, Art. 94 and 95. 



662 ALTERNATING-CURRENT ELECTRICITY 

the poles by this armature current to start the rotor. But 
although' the pole-faces are laminated, and the eddy currents 
are very small, still the damping grids which are built into 
the pole-faces to prevent hunting serve as circuits for the 
induced eddy currents which produce sufficient torque to 
bring the rotor practically up to synchronous speed. 

The procedure in starting a converter by the induction- 
motor action, is as follows: 

(1) Open the 11 fiold-break-up ” switch marked F.B.S. in 
Fig. 328. Attach the voltmeter to indicate the voltage of 
the direct-current brushes. 

(2) Close the double-throw line-switch to the starting 
position and the armature begins to rotate. With the “ field- 
break-up' ' switch open, the direct-current voltmeter indicates 
the voltage set up by the armature conductors cutting the 
flux induced in the field by the reactive currents drawn from 
the line by the armature. The voltmeter needle will at first 
swing back and forth until the machine is running nearly in 
synchronism. In about one-half minute the steady indica- 
tion of the direct-current voltmeter in one direction will show 
that the converter is running at synchronous speed. 

(3) If the converter is self-exciting the direct-current 
voltmeter may now indicate that the polarity of the brushes 
is the reverse of what is* desired.' In that case, close the 
“ field-break-up" switch in the reverse direction (tfrhich is 
usually downward). This connects the shunt field directly 
across the armature in the “reverse" direction, — that is, so 
that the flux due to the shunt coils opposes and tends to 
neutralize the flux set up by the armature current. Since 
the armature is now rotating in synchronism, the flux pro- 
duced by the armature current will be stationary and tend to 
keep the poles energized. If the shunt-field current is strong 
enough to overcome this flux set up in the poles by the arma- 
ture currents, the induced e.m.f. becomes zero, and the volt- 
meter needle will indicate this. The armature flux being 
thus pushed out of the poles into the spaces between the poles 
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immediately seeks the next poles, which of course have the 
opposite polarity. Thus the poles produced by the armature 
flux, which it must be remembered are stationary in space 
when the armature is rotating at synchronous speed, have* 
been forced to leave one pole and enter the next. The arma-' 
ture synchronous position has, therefore, been changed h 
the amount of one pole. It is customary to say thatHJhe 
armature has “slipped a pole.” 

The voltmeter will now begin to indicate in the reverse 
direction, because all the poles have reversed. If the field 
current is allowed to flow, it will flow in the direction oppo- 
site to that jfjLWhich it has been flowing (because the voltage 
is reversed) and will tend to neutralize the new polarity of the 
poles just as the first field current neutralized the old polar- 
ity. Thus the same process of “slipping a pole” would occur 
again. Therefore, at the instant the voltmeter begins to 
show a reversed polarity, the field switch must be thrown up 
into running position. 

(4^dt may happen, however, that when the field switch is thrown 
down to make the armature slip a pole, the flux caused by the arma- 
ture current is too strong and the reversed field current cannot 
overcome it. The armature will continue to rotate, but in a very 
unstable condition, without slipping a pole. 

In this case,* throw the field switch-back to normal position, open 
the starting switch an instant, and let the armature fall slightly 
below synchronous speed. Then, close the starting switch to 
starting position again and wait for the machine to come up to 
synchronism again. If the polarity is still wrong, repeat opening 
and closing of starting switch until the polarity becomes correct and 
machine is running in synchronism. ^ 

'Then throw the starting switch to running position, adjust the 
shunt field rheostat so that the direct voltage and the power-factor 
are normal. 

If the converter is separately excited from direct-current bus- 
bars, the polarity cannot become reversed, so the field-break-up, 
switch need not be of the double-throw type. 

144. Field-break-up Switch. The field-break-up switch 
mentioned in the previous article is used to open the field 
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windings at several points, usually four or five. During the 
starting'of a converter, until the armature gets up to syn- 
chronous speed, the revolving magnetic flux set up by the 
•alternating current in the armature windings is cutting the 
fiel(J windings at such a rate as to induce high e.m.f.’s in 
rl^e separate field coils. In fact, the field coils are acting iik^ 
•ihxSacondary windings in a transformer during this time. As 
these field coils have a large number of turns and are normally 
in scries with one another, the induced e.m.f.’s add up and 
produce a voltage across the field terminals, sometimes as 
high as from six to seven thousand volts. To prevent the 
production of this high voltage, which is likely^io puncture 
the insulation, the field coils are disconnected from one 
another by the field-break-up switch. The result is that as 
the switch opens the field at five points there are not much 
more than a thousand volts across the insulation at any place. 

Prob. 37-9. Make a sketch of the complete electrical connec- 
tions necessary for a self-excited shunt-wound three-phash con- 
verter to start on the alternating-current side from half vj^tage 
taps on the transformers. Show alternating-current bus-bars, oil 
switches, transformers and connections, shunt field, field rheostat 
break-up and reversing switch, direct-current voltmeter and direct- 
current bus-bars. 

146. Brush-raising DfeviSe. In addition to a field- 
break-up switch, a commutating-pole converter is usually 
supplied with a brush-raising device. While the armature 
is running below synchroriism, the rotating field set up by 
the alternating current in the armature windings not only 
cuts*the field coils, but also the armature coils and induces a 
voltage in them. The commutating poles are always im- 
mediately over the armature conductors which are short- 
circuited by the brushes. Thus a magnetic path of low 
reluctance is offered to the flux set up about these short- 
circuited conductors. The cutting of this strong flux in- 
duces voltage enough to set up short-circuit currents which 
burn ybhe brushes and roughen the commutator. 
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The brush-raising device marked R in Fig. 339 and 340 is 
operated by the lever L and is used to lift all the brushes, ex- 
cept two small pilot brushes, during the process of starting the 
converter. The two small brushes, one positive and one nega-„ 



Fi«- 330. Brush-raising device. By throwing over a lever, the brushes 
are raided from the commutator during the process of starting. The 
' General Electric Co. 

tive, arc to indicate polarity and to supply current to excite 
the field. These brushes are so narrow that they short-circuit 
fewer conductors and the sparking at them is very slight. 

The alternating current required for starting a commutat- 
ing-pole converter with the brushes raised is less than that. 
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required to start converters not using the commutating poles 
with the brushes down, and all sparking is eliminated. 

146. Equalizer Connections. All converter armature 
windings which at any instant occupy the corresponding 
bhsition under poles of like polarity are joined together by 
tfravy copper straps called equalizers. Thus if the machine 
(w«^ a 12-pole converter all six conductors which at a certain* 



Tho device marked S. L. S. is the “ Speed Limiting Switch.” Thi 
General Electric Co. 

instant lay each exactly under the middle of a north pole 
woukf be joined together by an equalizer. This brings all 
these conductors and their respective commutator segments 
to exactly the same potential. Correspondingly situated 
conductors may vary somewhat in the voltage which is 
induced in them, due to unequal air gaps or unequal pole 
strengths. Unequal resistances of conductors and connec- 
tions might cause unequal voltage drops in the conductors. 
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Thus the voltage across all pairs of brushes would not be 
exactly the same, and since all the positive brushes and all 
the negative brushes are in parallel, heavy equalizing cur- 
rents would circulate between brushes of the same polarity* 
in order to bring all correspondingly placed conductors up 
the same potential. The equalizing connections perfownL 
this duty and prevent the local currents from flowing tfpv^ughr 
the brushes anti producing sparking. 

Fig. 340 shows these equalizing connections at E. The 
copper strips running back radially are the connections to 
the rings. The equalizer connections are the conductors 
banded together and secured by a V-shaped clamp over the 
edge of the armature core. 



Fici. 341. Electromagnetic end-play device. The General Electric Co. 

147. End-play Device. In order that the brushes do not 
wear grooves in the commutator and collector-rings, the 
armature is made to play back and forth along the line of its 
shaft. On large converters an electromagnet pulls on the 
end of the shaft and draws the armature slightly out of its 
field. This motion breaks the current in the electromagnet 
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automatically, and the field pulls the armature hack. This 
makes the contact again, which sets up another current in the 
electromagnet. The electromagnet anti contact maker is 
^called an end play device and is usually mounted at one end of 
pie shaft, as shown in Fig. 341. It causes the armature to 
^Ja/ smoothly back and forth in the natural period of oscilla- 

fc^of the armature, so that the brushes wear evenly on tlur 
entire surface, of the commutator and collecting-rings. 

Another device, entirely mechanical, consists of a ball and 
ball-race pressed against the end of the shaft by a spring. 
The plane of the race is not quite perpendicular to the shaft. 
Thus when the rotating shaft carries the ba ll ar ound to tin* 
position where the 1 distance between the shaftTahn race is less 
than the diameter of the ball, the spring gives a longitudinal 
thrust to the shaft, and pushes the armature out of the center 
of the field. As in tlu? magnetic device, the field then draws 
the armature back and the operation is repeated. 

148. Flashing at the Direct-current Brushes. vUnder 
certain abnormal conditions an arc is likely to be 
and maintained between two direct-current hrusfl 
unlike polarity, to the detriment of the brushes and riggTH^ 
This aid ion is called “flashing” or “flashing-over,” and is 
generally caused by a “ground” or “short-circuit” on the 
lirect-current lines. The aii-rent, which ff;)ws between 

the brushes and the commutator, at the instant of the short 
circuit, vaporizes some of the carbon and forms a gas around 
the brushes. The alternating current supplied at this instant 
is so large that it causes a drop in the alternating voltage. 
The (lirect-current circuit breakers now let go, and the alter- 
nating voltage surges up to an abnormal value. This sets 
up a high voltage between adjacent commutator segments 
and the carbon vapor offers a path of comparatively low 
resistance, so arcs are set up from segment to segment until 
the brushes arc practically short-circuited by the vapor paths 
thus formed. The normal alternating voltage is sufficient 
to maintain this arc, now that it is once started, and unless 
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the attendant cuts the converter from the line* the brush- 
holders and commutator may be severely injured* 

It has been shown in Art. 138 that severe hunting also may 
cause “flashing over.” 

Although it would be possible to prevent most “fkjsh- 
overs” by locking the alternating-current and the vliiarct- 
curront. circuit breakers together, it is usually not consjdfercjd 
desirable to disconnect the machine from the alttffriatmg- 
current line and take the trouble to go through the process 
of starting up and synchronizing again. It is much more 
desirable to use extra care in designing the converter in order 
to minimize the likelihood of flashing and to protect the 
con vert er**t5lf the alternating-current side by independent 
time-limit relays, which disconnect the converter from the 
alternating-current line only when the machine continues to 
draw an overload from the mains. For this reason 600 volts 
is usually considered the safe upper limit for the voltage of 
the direct-current brushes, although 1200-volt and even 1500- 
ikjn, converters have been built for 25-cycle systems. Six 
iCrfldred volts call for such a value of normal voltage be- 
tween commutator segments as will give a high factor of 
safety against flashing. 

In street-railway service it has been found that if the 
feeders am not tapped int o fo g trolley lines too near the sub- 
st.ationsAhe reactance and resistance of the line between the 
con vert A’ and any short circuit limits the size anti sudden 
growth of the short-circuit current so that flash-overs are 
rare occurrences. 

149. Motor-converter. In order to secure steadiness in 
operation and ease in starting, a synchronous converter is 
sometimes mounted on the same shaft with a large slow speed 
induction motor having the same number of poles as the con- 
verter. The two machines are connected in series with each 
other* or in “ concatenation ” as it is called. The stator 
windings of the induction motor arc connected directly to 
* See Chap. VII, Art. 105. 
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the line. The rotor of the motor is of the wound type and is 
connected •directly to the armature of the converter. No 
rings are necessary, because both rotors are on the same 
-K^iaft. In this way the induction motor receives all the 
elortrical power from the line, uses about half of- it to drive 
tlJL combination and sends the remainder of it at half fre- 
qperfccvto the converter. 

^Thar 'the alternating current delivered to the converter 
lias one-half the frequency of the line may be seen from the 
following: 

At the instant the induction motor is thrown on the line, 
as we have seen in Chapter VII, the frequency of the e.m.f. 
induced in the 1 rotor equals the frequency of tlu^Nffr? As the 
rotor gets up speed, the frequency of this e.m.f. induced in 
the rotor becomes less and less until it finally becomes zero 
as the rotor attains synchronous speed, which it would ap- 
proach very closely if unloaded. The value of this induct'd 
e.m.f. is also gradually decreasing in proportion as the w>cod 
increases, so that at synchronous speed it would be zero^^* 

On the other hand, the value of the e.m.f. induced iit^fle 
armature of the converter is zero at the 1 instant the inducti<m 
motor is thrown on the* line*. Thus a very large 1 current is 
delivered by the* rotor of the induction motor to the conver- 
ter armature, lhit as the yises the e.m.f. ttiduced in 

the armature 1 winding increases and cuts down th\ current. 
Thus the current dies out for two reasons, — the induced 
e.m.t. in the rotor of the induction motor, which maintains 
the current, is decreasing as the speed rises, and the e.m.f. 
induced in the armature wi rulings, which opposes the current, 
is increasing as the speed rise's. When the shaft, has reached 
one-half synchronous speed, the e.m.f. induced in the armature 
windings has just risen to the value which the e.m.f. induced 
in the rotor winding lias fallen to. If the speed increased 
still further, the e.m.f. induced in the armature would semi a 
reverse current back to the induction motor converter rotor. 
Ihe converter would thus be acting as a generator and in 
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delivering power would tend to slow down. Its. induced 
e.m.f. would fall again, and the induced e.m.f. in the rotor 
would rise in proportion. Equilibrium is thus maintained 
at practically half-speed. 

The converter is thus running on a 30-cycle current if the 
Jine frequency is 60 cycles and is accordingly more stable. 
The objection to this arrangement is the greater inityil cost 
and the low power-factor at which the induction motor must 
operate on account of running at one-half synchronous speed. 

160. Inverted Converter. Speed-limiting Switch. The 
synchronous converter can be used to convert direct current 
into alternating current. When so used it is called an in- 
verted converter. 

The use of inverted converters is limited to two cases: 

(a) When a generating station is called upon to supply a 
local direct-current load and a distant alternating-current 
load. A converter is then used at times straight to help 
thedjlec t-c urren t generators, and at times inverted to help 
themj^ernators. 

jjp) When a direct-current system wishes to supply a dis- 
trict at a distance from the central plant, one converter is 
used inverted at the central station to change the power to 
alternating current for high voltage transmission, and another 
at the distsmt district as a straight converter to convert it 
back to diilsct current for use. 

The main difficulty encountered in operating a converter 
in the above manner is to keep the speed constant, and hence 
the frequency of the alternating current steady. The speed 
of a straight converter is fixed by the frequency of thd sys- 
tem, but an inverted converter is merely a direct-current 
shunt motor and its speed depends upon the strength of the 
field flux. Now if the fields are excited from a constant- 
voltage source of direct current, the converter acts like an 
alternator. If the delivered alternating current leads the 
alternating voltage, then, as we saw in Art. 9 and 10, the 
armature reaction strengthens the field flux. This merely 
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causes thp voltage of an alternator to rise; but since the speed 
of a shunt motor depends upon the strength of the field, this 
increase of field strength will cause the converter to slow 
down, and make a corresponding decrease in the frequency 
of the cunent delivered. At unity power-factor the arma- 
ture reaction neither strengthens nor weakens the field, so, 
the sp^ed is not altered. 

When the converter delivers a lagging current, however, 
the field flux is weakened by the armature reaction, just as 
described in Art. 9 and 10 for the case of an alternator. This 
weakened field causes the converter speed to rise, and to in- 
crease the frequency. An increase in the <C£Qjjency may 
increase the inductive reactance of the circuit and cause the 
current to lag still more. This causes a still further weaken- 
ing of the field and an increase in the speed, and so on until 
the speed becomes dangerously high.* It is evident that for 
successful inverted operation of converters excited by a con- 
stant-voltage source of direct current, some kind of ^>eed- 
limiting switch is necessary. , 

A common type of this switch is operated by a centriTV-1 
governor. A weight is mounted on the end of the shaft 
such a way that as the speed increases the weight is forced 
further from the shaft. S uch a device, marked S. L. S., is 
shown attached to the en3*oFT;he shaft of the Converter in 
Fig. 340. Before the speed reaches a dangerous! value, the 
weight has been forced out so far that it hits and closes 
a switch which short-circuits a no-voltage release on the 
direct-current circuit breaker. The opening of this breaker 
discohnects the driving power from the converter. This 
switch is usually mounted on one end of the converter shaft 
and the end-play device on the other end, but they are some- 
times combined. 

The speed-limiting device does not cause the converter to 
run at uniform speed, — it merely prevents the speed from 

* Inductive reactance equals 2 rfL. Thus if the frequency / in- 
creases, the total reactance is increased in exact proportion. 
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becoming dangerously high. By oxciting the inverted con- 
verter from a shunt-wound generator connected fo the con- 
verter shaft, the speed may be held very nearly constant. 
The field of the exciter is run very much below saturation 
and any slight increase in speed causes a largc^ increase in 
voltage and thus an increased field current in the convertor* 

Of course if a converter is running invs?rSed in parallel with 
alternators of large capacity, there is no danger of its racing. 
It then acts exactly like another alternator running in parallel. 
If the field is too weak it draws a lagging current from the 
other alternators; if too strong, a leading current, just as any 
other alternator would, as explained in Art. 25, 28 and 29. 

On theTTflter hand, when operating as a straight converter 
in parallel with other converters, there is danger of racing, if 
at any time the voltage of the alternating-current supply 
is lost (through a short circuit or otherwise) and at the 
same time the direct-current power is maintained across 
the brushes by some external source of supply, such as a 
storage battery. It then operates as an inverted converter, 
anfVff there is considerable inductive reactance in any circuit 
Tat may exist between the alternating-current rings, a 
lagging current will be pumped through it with the resulting 
danger of racing. It is essential, then, that all converters 
be cquippjAl with a spcecUtit^ting device, reverse-current 
breaker the direct-current side?, and low-voltage release 
coils on the alternating-current breakers. The whole danger 
lies in the converter becoming disconnected from the alter- 
nating-current source of power. When properly connected, 
the shunt field may be completely killed and still tl\p con- 
verter would not race. As we have seen, it would then 
merely take a large lagging current from the alternating- 
current lines. 

161. Parallel Operation of Converters. Converters 
operating in parallel are subject to the same conditions as 
direct-current generators operating in parallel. The same 
precautions must be taken for an equal distribution of the 
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load among the various machines, as are taken to assure the 
proper distribution of load among direct-current generators 
operating in parallel. In the case of compound converters, 
the terminals from which the series-field leads start must all 
be connect! ^through switches to an equalizing bus-bar. In 
putting a converter into service and in parallel with other 
converters, the switch to this equalizing bar should be thrown 
in befoft? the # main switches are closed. This allows the 
series field to receive some current from the machines already 
running. Then close the negative switch (the series field 
being on the negative' side), the direct-current circuit breakers 
and the positive switch, in the order givem Adjust the 
rheostats in the fields of the machines until eaeTi~eonverter 
takes its share* of the load. 

When converters are run in parallel on both the direct- 
ami the alternating-current side, each convertor should take 
its power through a separate set of transformers; otherwise, 
all the machines must have* exactly the same armature re- 
sistance, load resistance, brush resistance and brush st 
in order that each machine take its share of the load. r mSse 
conditions are practically impossible. When the convertfl^ 
are operating in separate banks the distribution of the* load 
may be changed by changes in tin* shunt field, the series field, 
the equalizer circuit and t begetting of the brushes. While 
changing the brush setting wiTT c hange the dinVt yoltage 
across the converter and thus change the strength of the 
shunt field and the compounding, it is likely to cause* spark- 
ing. It is usually better to have the brushes on all the 
machines set for sparkless commutation, and as nearly as 
possibh? at similar positions, and to rely upon the changes in 
other respects to distribute the load properly. 

The regulation of the converters should be suited to the 
characteristics of the load. Thus converters in parallel with 
storage batteries should have a drooping voltage charac- 
teristic or poor regulation, otherwise the batteries will not 
carry their share of the load. In general, we have seen that 
the machine with the greatest compounding, or having the 
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most rising or least drooping characteristic, always takes the 
greatest share of the load. 

152. Efficiency and Losses. The accompanying tabic 
is from the ‘ ‘ American Handbook for Electfccal Engineers ” 
and gives the efficiency and distribution of l<ms£$*6f a typical 
60-cycle and a 25-cyele converter. The va*UaCs arc all in per 
cent of input at full load 


TABLE III 

Converter Losses and Efficiencies 


K\v. rating 

500 

300 

Frequency.... , 

25 

00 

Core loss..'. 

1.00 

1.75 

Armature ft/ 2 

0.55 

0.(30 

Shu ill. field ft I* 

0.70 

0.(30 

Brush ft l 2 

0.40 

0.40 

Bearing fried ion 

0 . 55 

1 .50 

Brush friction 

0.30 

0.(35 

1 Efficiency 

0(3.50 

94.50 


Mechanical Structure of Converters. The transfer 
jjJjfVoetrical energy in a converter takes place in the con- 
doctors without going through the intermediate step of 
mechanical enc*rgy. Thus the mechanical construction does 
not have to be as heavy as for a motor or generator handling 
the same amount of electrical energy. The shaft, bearings, 
bracing "ofyth(» windings, etc., have to be constructed strong 
enough only to withstand centrifugal forces and the small 
torque set up to overcome the friction, core loss, copper loss, 
windage 1 , etc. 

154. Three-wire System. Dobrowolsky Method. When 
a synchronous converter is supplying a three-wire direct- 
current system, the neutral wire is brought back to the neu- 
tral {joint of the transformer secondaries as in Fig. 8a, First 
Course. In this way, the unbalanced current carried by the 
neutral wire returns to the system at the neutral point and 
enters the armature winding through the collecting-rings. 

An arrangement similar to this is often used in connection 
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with a dii jct-current generator in order to get the advantage 
of three-w re distribution. The armature is tapped at points 
180 electrical decrees apart and brought out to two collector- 
rings (like the yapping on the armature of a two-ring con- 
verter), anfc^A /ingle-coil auto-transformer, called a balancer 
coll, is connects k^mross the two rings. Fig. 342 shows the 
balancer coil AB cfcfhnected to a two-pole generator at the 
points a a*»d K which are 180° apart. The rings are omitted 



Fig. 342. Diagram of a Dobrowolsky threc-wiro cliroct-currc'n^^n-^ 
orator. Tim balancer coil A H is connected to the two (liamefkiL 
laps a and h on the armature. The neutral wire comes to the middle 
point N of the balancer coil. 

to give clearness to the connfffctkms. The point aWill .always 
be as much below the voltage-level (potential) oiJMffe brush 
Jii as the point b is above the voltage-level of the brush B iy 
regardless of what position the armature may be passing 
through. The middle N of the auto-transformer or balance 
coil AS is always just as far below the voltage-level of a as it 
is above the voltage-level of the point b. Therefore we see 
that the point N is always just as far below the voltage-level 
of brush By as it is above the voltage-level of brush B 2 ; in 
other words, it is electrically midway between the positive and 
the negative mains at all times, or is in fact a neutral point for 
the direct-current distributing system . The balancer coil has a 
low resistance. Just as the central point of the transformer 
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connected across the rings of a two-ring converter would be 
the neutral point of the converter, so the centraf point N of 
this balancer coil is the neutral point of the direct-current 
generator and will therefore allow a direlt cuijafit to flow 
through it, but will oppose the flow of an anern^ting current. 
The alternating voltage induced in the ar^iturc conductors 
will always be sending an exciting current through the 'coil 
equal to the effective value of the induced voltagp*6ividcd by 
the impedance of the coil at the frequency at which the 


100 Amp. 



Fig. 343a. Diagram of a Dobrowolsky three-wire direct-current gen- 
erator equipped with two balancer coils in order to distribute the 
on t-of -balance current more uniformly throughout the armature 
wim&f 

voltage alternates. Thus, if the induced voltage had approx- 
imately a sine wave-form and was 240 volts at the direct- 
current brushes, the effective value across the balancer coil 
would be 0.707 of 240 or 169 volts. Assuming 300 ohms as 
the impedance (being practically all reactance, at the fre- 
quency of the machine), the exciting current would be iJg 
or 0.58 ampere. Thus only this very small alternating 
current would be flowing although the machine was deliver- 
ing 240 volts, because the reactance chokes back an alterna- 
ting current. 




power plant of Wentworth Institute. The Weslinghouse Electric 6r 
Mfg.X'o. 


Thus 10 amperes direct current flows in through one-half of 
the coil and 10 amperes through the other half, as in this way 
the least resistance is offered to the flow. These two cur- 
rents flowing in opposite directions around the core exactly 
neutralize the magnetic effect of each other and so do not dis- 
turb the alternating exciting current. 
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In order to more evenly distribute the neutJhl current 
among the armature windings and thus decrease ttie heating, 

' it is customary to use two balancer coils lonneitcd to the 
generator through four collecting-rings, mi Fig? *343^ the 
rings are omitted for the sake of clearness, IjUjfca&^te thfit the 
neutral current enters the armature at foyj>f>oints a , b, c)d, 
instead of at two (a and b), as in Fig. 342. The appearance 
of a Dobrowolsky generator, equipped with, f opr rings for 
two balancer coils is shown in Fig. 343b. 

RECTIFIERS 

For changing alternating-current power in small quantities 
into direct-current power there are several devices much less 
expensive than the motor-generator or the synchronous con- 
verter. These are called rectifiers and arc of three types, (a) 
the mercury arc, (/>) the electrolytic and (c) the vibrating. 

155. Mercury-arc Rectifier. By far the most common 
rectifier is the mercury arc, which is widely used to rectify 
alternating currents for the purpose of charging storage 
Jjjjtteries and operating are lights. A picture of a mercury 
arc rectifier is shown in Fig. 344 and a connection-diagram in 
Fig. 345. 

The glass tube containing the mercury is exhausted until 
a very low pressure is obtained .'■*'• There arc two wells, II anti 
X , whflfly contain mercury, and two positive graphite elcc- 
troacs A and A', generally called the anodes. 

The anotles A and A ' arc connected to opposite sides of 
the line from the transformer. A coil of high reactance but 
of low resistance (Ti — T 2 ) is also connected across the>trans- 
former. The negative side of the battery to be charged, or 
of the arcs to be lighted, is connected to the middle point C of 
the reactance coil, and the positive side to the large mercury 
well at B. The small mercury pool at X, which is merely 
used to start the arc, is connected through a resistance Ft to one 
side of the transformer line. There is such a high resistance 
offered by the gap between the mercury wells that it would 
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take man Jl thousand volts to start a current through it, so a 
starting dcYice is necessary. The tube is tilted until a bridge 
of mercury Is for lied across the space between B and X . This 
offepe a pafei froili wire E through resistance R, from X to B, 
through thcN^^iry to C, through half the reactance coil 7\, to 
th^ other side olNb^circuit D. An alternating current would 



Electric Co. phase mercury-arc recti- 

fier of Fig. 344. 

therefore flow through this path. If the tube is now tilted 
back, an arc is formed which vaporizes some of the mercury 
and so charges it with electricity that the resistance is cut 
down between the points A' and B between and the points A 
and B. Now mercury vapor possesses the quality in common 
with almost all metallic vapors of allowing a current to pass 
easily in one direction and hardly at all in the other direc- 
tion. Thus the current can now easily pass from either A 
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or A' to By depending upon whether A or A' happens to be 
positive jit this instant. If A ' happens to be/positive, a 
current is immediately set up through tile valor between 
A f and B y and flows from A' to B, througiithe bn^i^to C, 
through Ti to the other side ( D ) of the triWs££#ner fl. At 
the next instant A' has become negative and A positive. 
Praeticjilly no current can flow back from B to A\ but since 
A is now positive, a current flows from A to ^through the 
vapor, then through the battery to C, through T 2 to the side 



Ficj. 346. Curve a represents the current in the lead wire at A of 
the rectifier of Fig. 345. Curve b is the current in the lead wire at 
A'. Curve c is the current in the lead wire* at II. Note that curve 
c is merely the sum of curves m a fTml b, and that none has negative 

ansformcr. Thus the current through the battery 
is always in one direction. 

But the mercury arc has the properties of any other arc, — 
it requires a voltage to maintain it. Now when E is*changr 
ing from positive to negative, or vice versa, there is an instant 
when the voltage is zero, and at this instant the arc tends 
to go out. The inductive reactance of the coils T\ and T 2 
is used for the purpose of preserving the arc. For, as we 
have seen, a current is set up in T\ before the voltage 
from A' to B dies out. This current, during the decay 
of the voltage from A' to B , tends to keep up its strength 
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because off the inductance of the coil T x and thus jumps 
through thfc vapor from A to B forming a local circuit, 
— from A Jto B\ through the battery, through T x to A 
iigairK^ Sfr,vcvenJ before A becomes positive on account of 
the roconda Ac tr ansformer voltage, a current is already flowing 
froKi A to By ana it is merely increased by the rising positive 
voltage from A to B. Thus the currents overlap one another, 
as it werc^vjid piain tain a resultant current flowing through 
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Fiu. 347. Oscillograms taken on a General Electric litosnury-arc 
rectifier, rated 60 cycles: volts, d-c. 30/118; a-c. HIT ) jTfrnpnrni 

d-c. 30. Upper curve: direct current, 23.6 amperes. Middle curve: 
direct voltage, 99.4 volts. Lower curve: alternating voltage, 220 
volts. Lines marked X are zero lines. The. General Electric Co. 

the tube continuously. In Fig. 346, curve a is a copy of an 
oscillogram taken of the current flowing into the tube at A, 
and curve b is an oscillogram of the current flowing into the 
tube at A'. Note that neither current has a negative loop. 
Curve c is an oscillogram of the current flowing out of the 
tube at B into the battery. Note that it is merely the sum 
of curves a and b and that it never falls to zero, although it 
pulsates and is full of ripples. Fig. 347 shows the direct- 
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current curve, direct- voltage curve and the idternating- 
voltage curve obtained by an oscillograph, fronv a General 
Electric mercury-arc rectifier. * ! 

The current in the opposite direction (from well 

to carbon anode) is not entirely shut off. ^v^mall “in- 
verse” current will always flow in this direction, and it njay 
at any instant become large enough to cause a short circuit, 

— for instance, when the tube gets . , *'* 

old and the vacuum falls off. This ^ 

allows the inverse current to assume 

very great proportions and destroys | 

the rectifying action. In fact any 

cause wliich lowers the vacuum will 

allow the inverse current to be set ( j 

up. Mercury will sometimes con- \ 


dense on the side of the' tube and \ 

drop on the red hot carbon anodes \ 

This vaporizes the drop of mercury 

»nd instantly lowers the vacuum. \wQ< 

The tube thus practically forms a 
short circuit on the alternating- T+ 

current line, since the current can jt_ 

flow both ways through it with very —r 

little resistance. Precautions -fin' ~ =c - 

thercfoFg/ taken in designing the -r- 

the tube' to prevent mercury — * 

globules from coming into contact * 1CJ - diagram of con- 
with the carbon anodes. nections for a tWplmse 

mu , -i m 1 m incrcury-aro rectifier. 

I he reactance', coils T i and T 2 * 

may be omitted if a special transformer with large leakage 
reactance is used, having the secondary divided into two 
equal coils. The negative of the batteries is then brought 
to the juncture of these two secondary windings, which 
perform the duties of both reactance coils T\ and T 2 and 
also of the secondary winding DE. 

A tube constructed for use on a three-phase circuit works 
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even bettei than a single-phase tube. Fig. 348 shows the 
connection Vfor a three-phase tube. Note that the return 
from the battery 'is brought back to the neutral juncture of 
the th**ie ^connected transformer coils. The front and rear 
appeayance*Vrf a mercury-arc battery-charging equipment is 
shej^vn in Fig. 349. 



Front Rear 

Fig. 349. Front and rear views of a General Electric mercury-arc 
rectifying outfit for charging storage batteries. 


166. Rating and Efficiency of Mercury-arc Rectifiers. 

The most common size of tube for charging storage batteries 
is built of glass with a maximum capacity of 30 amperes 
direct current, and with a minimum current of 5 or 6 
amperes. If the current in these tubes is raised much above 
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30 amperes, the glass becomes too hot and soon breaks down 
by taking on a coating of mercury which short-circiAts the 
terminals. If the current drops below 5 or 6 amperes, the 
arc “goes out” and the tube must be tilted up and started 
again. In other words, it takes 5 or 6 ampereo to keep the 
mercury sufficiently vaporized and electrified to maintain 
an arc. 

Other sizes in glass are rated at 10, 20, 40 And 50 amperes 
maximum. Steel tubes deliver as high as 300 aAnperes direct 
current. They can be built for practically any voltage by 
making the distance between the anode and the mercury well 
(or cathode) great enough. Tubes have been built to operate 
on 6000 volts. The direct voltage may be made any value 
between 20 per cent and 52 per cent of the alternating voltage 
of the transformer secondaries and the direct current 1$ to 2J 
times the alternating current. The drop across the tube is 
always 14 volts in the battery-charging type and 25 volts in 
the series-lighting type, regardless of what the impressed volt- 
age is. The efficiency then depends entirely upon the voltage 
-at which the tube is operated; in fact, in those operating on 
high voltage, the tube loss is negligible, the efficiency depend- 
ing upon the efficiency of the transformer. In practice, the 
combined efficiency of the transformers and tubes, etc., ranges 
from 8(Ijjer cent to 92 ‘per cent. The power-factor is about 
^^CLpei^cftnt. The regulation is excellent, depending entirely 
upon the drop in the transformers and reactance coils, since the 
drop in the bulb does not change at all with the load. The 
life depends upon the temperature at which the bulb is run, 
— a low temperature resulting in an indefinitely long life. 

157. Electrolytic Rectifier. Many metals immersed in 
some solution offer a high resistance to the passage of an 
electric current when it is flowing from the metal to the solu- 
tion, but yet offer a very low resistance when current flows 
from the liquid to the metal. In the case of aluminum, it is 
practical to make commercial use of this property for recti- 
fying alternating-current power in relatively small amounts. 
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A plate pf aluminum and a plate of lead are placed in an 
electrolyte, generally a solution of neutral ammonium sul- 
phate .Vjhe aluminum will allow a current to flow from the 


lead through the solution to the aluminum plate with not 
much cesistknce, but offers a high resistance to the flow from 
thq aluminum through the electrolyte to the lead plate. 

Such a cell is called an elec- 



Fig. 350. Diagram of connec- 
tion of four aluminum cells to 
be used as an electrolytic rec- 
tifier. 


trolytic rectifier. 

An arrangement of four cells 
is generally used when an alter- 
nating current is to be rectified 
for charging storage batteries, 
as in Fig. 350. When the side 
B of the transformer is positive, 
the current can flow through 
cell I from the lead to the 
aluminum, but not much current 
can get through cell II as it 
would have to pass from th<T 
aluminum to the lead. There- - 
fore, it is forced through the 
battery to point D. From here, 
it can flow through ceil IV, from 
lead ‘aluminum again, and 
reach the other side ^ wof t}ic^ 
transformer. Similarly, when 
A becomes positive, the current 


flows from A through cell II, 
through the battery and cell III to the side B of the 


transformer. 


The efficiency of this arrangement depends upon the tem- 
perature of the electrolyte; being about 30 per cent for an 
equipment for charging a 6-volt battery, if the temperature 
does not rise above 30° C., but becoming very small as the 
aluminum cells get hot. In order to operate at the proper 
temperature, the aluminum plates should each have an area 
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of about 2 square inches for each ampere which is delivered 
to the battery. Thus to charge a battery at the ratetof 10 
amperes, each aluminum coll should have an .aluminuimplate 
of about 20 square inches and a lead plate of about the same 
area, and should hold nearly a quart of electrolyte. The 
amount of current is regulated by the resistance II. * Os- 
cillograms for an electrolytic rectifier, furnished by the 
General Electric Co., are shown in Fig. 351. 



.Klect.rolytic Rectifier, rated 30 amperes, 110 volts. Upper curve: 
direct current. Middle curve: direct voltage. Lower curve: 
alternating voltage. The lines marked X are zero lines. 

168. Vibrating Rectifier. For supplying from thrpe to 
eight amperes direet current for charging storage batteries 
from an alternating-current circuit, a vibrating rectifier like 
that in Fig. 352 is sometimes used. The operation may be 
understood by referring to Fig. 353. Across one-half of the 
transformer secondary are connected in series two magnets 
called the a-c. magnets. Note that the winding on one is 
reversed so that at any given instant they both present the 
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sam<| polarity to the magnet called the d-c. magnet. During 
one-ftalf the cycle they will present a north pole to the d-c. 
magnet and during the other half a south pole. The d-c. 
magnet which is free to move about its center is energized 
from the battery which is being charged and its poles arc 
permanent during the charging process. Thus at any instant 
one end will be attracted to an a-c. magnet and the other end 
will be repelled by the other magnet. As the a-c. magnets 
reverse thcSr polarity, the other end of the d-c. magnet is 



Fic;. JJ52. A vibrating rectifier. T he Westinyhouse Electric. A* Mfg. Co. 

drawn up and the first repulsed. Thus the d-c;. magnet 
vibrates in synchronism with thcjiltpruations in the alternat- 
ing-current line. As it vibrates-ijlnakes and breiftar contacts 
at the points X and Y. 

Assume that the' end marked o of the transformer is posi- 
tive at a given instant. This makes contact points Y positive 
at ttyit instant, and the; two a-c. magnets will be presenting 
north poles to the d-c*. magnet. Now if the battery terminal 
marked M happens to be the positive, then the left end of the 
d-e. magnet will be a north polo and will be repulsed by the 
a-c. magnet, and the right-hand end will be attracted. This 
makes a contact at Y and opens the circuit at X. The a-c. 
current from 5, therefore, enters the conducting strip on the d-c;. 
magnet at Y, flows through this strip to the side of battery 
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circuit marked M, through the battery to N and then IVack to 
the transformer. At the next instant, the current ctes out 
and a spring brings the d-c. magnet back to the posjrcion in 
Fig. 353. The contact is thus broken at the inst&nt when 
the current is zero, and no sparking results. Then tljic end 
5 of the transformer becomes negative and the current flows 
in the opposite direction through the a-c. magnet coils, 
making them present south 
poles to the d-c. magnet. 

The left end of the d-c. 
magnet is, therefore, at- 
tracted up and the right 
end is repulsed down, mak- 
ing a contact at X. This 
connects M through the 
d-c. magnet and contact 
X with the end 3 of 
the transformer, which, we 
•have seen, is now positive*. 

Thus the lead M is still 
positive, and an intermit- 
tent direct current is de- 
livered to the bakeries. 

Note that it makeS\^o 
differeifPe whether the pos- 
itive or the negative side 
of the battery is connected 
to M or N. If the nega- 
tive side is connected to M, instead of the positive* as in 
the above explanation, it merely magnetizes the d-c. magnet 
in the opposite direction and the rectifying takes place in 
the reverse order so that the current is always delivered to 
the proper battery lead. Fig. 354 shows the alternating 
voltage, direct voltage and direct current as taken by an 
oscillograph on a General Electric Co. vibrating rec- 
tifier. 


HHHH' 


& 


Fi<i. 353. Diagram of connections of a 
vibrating rectifier. From the Electric 
Journal. 
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15S| Difference between Currents Delivered by Rec- 
tifiers and by Converters. The current from a rectifier 
cannA be used m a circuit containing inductance because its 
pulsatiohs would set up eddy currents and would also cause 
hysteresis loss. It would, therefore, not be well to excite the 



Fig. 354. Oscillograms taken on a General Electric Vibrating Rec- 
tifier, rated 115 volts, 0.8 amperes (alternating current) and 4.7 
amperes, direct current. Up^gr Qurve: ^alternating voltage. Mid- 
dle curve: direct voltage. Lower qArtf: direct current. g^Thc rec- 
tifier is charging a three-cell battery. 

field of an alternator with the current delivered by a rectifier. 
The curves of direct voltage as shown in the oscillograms 
of Fig! 347, 351 and 354 are smoothed out and sustained 
because in every case batteries are being charged. The cur- 
rent delivered by a converter, on the other hand, is usually 
as steady as that delivered by a direct-current generator and 
can be used for any purpose calling for direct-current power. 




SUMMARY OF CHAPTER IX 


A SYNCHRONOUS CONVERTER is a synchronous motor, 
the revolving armature of which is fitted with both a commutator 
and collecting-rings. Alternating-current power supplied to the 
rings drives the machine as a synchronous motor 'and direct- 
current power can be taken from the armature by means of 
brushes bearing on the commutator. 

A COMPARISON OF THE SYNCHRONOUS CONVERTER 
with a motpr-generator capable of converting the same amount 
of power from alternating to direct current shows that the 
synchronous converter: 

(a) Is more efficient if not too much auxiliary apparatus is 
needed to control voltage, etc. 

(b) Weighs less and occupies less space. 

(c) Costs less. — about $11.00 per kilowatt for the larger 
units. 

•(d) In the smaller sizes, is hard to start and unstable on a 
line where sudden changes in load or voltage occur. Induction 
motor-generators have the advantage in these two particulars. 

(e) The direct voltoge cannot be controlled separately from 
the power-factor as ii a synchronous motor-generator. 

(f) Cannot be usedio improve power-factor or the regulation 
of line without great lofe^jfi capacity as can a synchronous 
motor-generator. 

THE RATIO OF THE ALTERNATING E.M.F. to the direct 
e.m.f. of a synchronous converter is practically fixed, as follows: 


Number of phases. 

Under ideal 
conditions. 

Under actual conditions. 

Full load, 
straight. 

Full load, i 
inverted. | 

One, two, six (diametral). . . 
Three or six (double delta). 

0.707 

0.612 

0.71 

0.62 

0.676 

0.680 


THE RATIO OF THE ALTERNATING CURRENT PER 
RING TO THE DIRECT CURRENT is as follows for unity 

691 




692 


ALTERNATING-CURRENT ELECTRICITY 


power-factor and 100 per cent efficiency. Correction can easily 
be imide for other power-factors and efficiencies. 


Single-Jphase (two rings) 
Two-phase (four rings) 
Three-phase (three rings) 
Six-phase (six rings) 


I x = 1.41 I tl 
jr 2 = 0.707 la 
I 3 = 0.943 la 
I Q = 0.471 fa 


la = direct current per main lead. 


SIX-PHASE CONVERTERS ARE OPERATED ON THREE- 
PHASE systems usually by connecting the secondaries of the 
transformers to the armature through the rings, either Dl- 
AMETRALLY or in DOUBLE DELTA, as shown diagrammatically 
below. 




Diametral. 


Double delta. 


THE CURRENTS FLOWING IN THE ARMATURE COILS 
are combinations of the direct currents SUPPLIED TO the brushes 
and the alternating currents SUPPLIED BlJ/he rings. There is 
thus a motor effect and a generator effec/on the armature. In 
a single-phase converter these, effec^aralternate and tend to 
make the machine unstable, but iya polyphase converter they 

i iL. a; » 


are both continuous. 
THE CAPACITY 


OF A POLYPHASE CONVERTER is 


greater than the capacity of the same machine, based on the 
same heating effect, if operated as a direct-current generator. 
Since, the alternating currents and the direct currents in the 
armature windings partly neutralize each other, the heating of 
the armature coils is less in a converter than in the same 
machine run as a direct-current generator and delivering the 
same power. 

The following table shows the capacities of the same machine 
operated with various numbers of rings, in comparison with its 
capacity as a direct-current generator with the same average 
heating. 
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j 

Relative Capacity op Converters 



D-C. 

gen- 

erator. 

Converters. 

2-ring. 

3-ring. 

4-ring. 

6-ring 

dia- 

metral. 

delta. 

12-ring. 

Relative output, 
unity power- 

factor 

87% power-factor 

100 

85 

134 

99 

165 

115 

197 

129 

' 197 
129 

224 

135 


AT UNITY POWER-FACTOR, THE TAP COIL IS THE 
HOTTEST part of the armature and the mid-coil the coolest. 

When the power-factor becomes less than unity, the hottest 
spot moves to one side of the tap coil. The average heating is 
greatly increased for a slight decrease in the power-factor, and 
consequently the capacity is greatly decreased. 

THE RATING OF SYNCHRONOUS CONVERTERS, the 
output marked on the name plates, is based upon the maximum 
Jpad which they can deliver without exceeding the standard 
maximum temperature rise under standard conditions of test. 
Converters built for railway service are usually rated so that 
they can deliver twice their normal load for one minute, and one 
and one-half normal load for two hours, without exceeding the 
specified standard temperature rise and with no serious sparking 
at the brushes. 

THE REGULATION OF A CONVERTER is excellent, 
usually being about 2 per cent from no load to full load due to 
the armature impedance, and only S per cent when the drop due 
to the total impedance of the line, transformers and armature is 
considered. 

THE DIRECT VOLTAGE of a single-phase converter jfcends 
to pulsate, due to the alternate generator and motor effect of the 
current in the windings. This pulsation is practically elimi- 
nated when the converter is operated as a polyphase machine, — 
the more phases, the steadier the direct voltage. 

THE VOLTAGE AT THE DIRECT-CURRENT BRUSHES 
may be controlled by: 

(a) Extra taps on the transformers. The ring-connections 
are shifted to higher voltage taps as the brush voltage tends to 
lower. 
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(hi Induction regulators, as explained in Chapter IV, Art. 63. 

(c) / Synchronous boosters. ' A small alternating-current gen- 
erator is mounted on the same shaft. Its alternating-current 
terminals are connected in series with the transformer second- 
aries across the rings. The field coils are in series with the 
direct-current leads of the converter. The alternating e.m.f. 
of* the booster is therefore proportional to the direct current 
delivered by the converter. 

(d) Regulating or split poles, placed on the converter frame 
between the .main poles. These poles add to the direct e.m.f. 
and to the alternating e.m.f. But the alternating e.m.f. added 
is nearly 90° out of phase with the e.m.f. produced in the arma- 
ture winding by the flux from the main poles, and therefore the 
resultant alternating e.m.f. is not increased as much as the 
direct e.m.f. By decreasing the flux of main poles sufficiently, 
the alternating e.m.f. may be kept constant, and equal to the 
impressed e.m.f. This lessening of the flux of the main poles, 
however, does not decrease the direct e.m.f. as much as the flux 
from the regulating poles increases it. Thus the direct voltage 
may be raised or lowered 20 per cent without changing the 
alternating e.m.f. 

(e) Compound field windings with series reactance. 

The series coils carry the direct current delivered by the 
converter. Therefore as the direct-current load changes, the 
field strength changes and a corresponding .change is produced 
in the phase relations between the alternaijjng current and volt- 
age supplied to the rings. A reactance is connected in series with 
the transformer supplying the rings. The transformer voltage 
must therefore overcome the drop in the reactance, and the 
induced counter e.m.f. at the rings. When there is a large 
leading component in the alternating current, the drop across 
the reactance has practically a 180° phase relation to the ring 
e.m.f. and therefore a larger part of the transformer voltage is 
applied to rings than when there is a smaller leading component 
in the~current. Thus the voltage applied to the rings rises when 
the current has a sufficiently large leading component and vice 
versa. The induced direct voltage rises accordingly. This 
scheme is practicable for producing a change of from 6 to 10 
per cent in the induced direct voltage; that is, of producing 
nearly flat-compounding for an internal drop of from 6 to 10 per 
cent from no load to full load. The reactance is usually so 
proportioned as to produce unity power-factor at average load 
(generally f full load). At all loads below this, the power-factor 
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is lagging; at all loads above, it is leading. For practical 
method of dete rmin i n g the voltage 'at the direct-current brushes 
and the power-factor at various loads, see Art. MO. 

COMMUTATING POLES ARE OFTEN USED ON CON- 
VERTERS to increase the commutating facilities. This 
enables the converters to run at higher speeds and still commu- 
tate without excessive sparking at the brushes. This results in 
fewer poles with less weight and cost per kilowatt output. 

CONVERTERS, LIKE SYNCHRONOUS MOTORS, ARE 
LIKELY TO HUNT unless their pole-faces are Equipped with 
squirrel-cage windings, to act as DAMPBRS. 

SYNCHRONOUS CONVERTERS CAN BE STARTED in 
the following ways: 

(a) By means of a small induction motor with fewer poles 
than the converter, mounted on the same shaft. 

(b) From the direct-current bus-bars, as a direct-current motor. 

(c) By the induction-motor effect between the armature and 
the squirrel-cage windings on the poles. See detailed directions 
for starting by this method in Art. 148. 

A FIELD-BREAK-UP SWITCH is connected in the field 
circuit so that the field may be opened at several points. This 
prevents the e.m.f. induced in the field coils by the rotating 
armature flux from becoming great enough to puncture the 
insulation. 

A BRUSH-RAISING DEVICE is attached to a converter 
having commutating poles to prevent the brushes (during the 
process of starting) from forming short circuits in those coils 
immediately under the . commutating poles. The alternating 
flux in the jumature cuts these coils, and the commutating poles 
form paths of low reluctance. Therefore destructively large 
currents would flow in these coils if they were short-circuited by 
the brushes remaining on the commutator.. 

EQUALIZER CONNECTIONS join together all armature 
windings which occupy corresponding positions under like poles, 
so that any equalizing currents can flow through these equalizers, 
rather than through the brushes, in order to bring all corre- 
sponding points to the same potentiaL This cuts down the 
tendency to spark and to heat the commutator. 

END-PLAY DEVICES are often installed to give the arma- 
ture a lateral motion along the shaft, and prevent the brushes 
from wearing grooves in the commutator. 

FLASH-OVERS BETWEEN BRUSHES of opposite polarity 
may take place when a short-circuit occurs in the direct-current 
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line . Due to the heated carbon vapors liberated from the 
brushes, the arc may persist and damage the brush rigging and 
commutator unless the converter is “ cut-out ” of service. To 
prevent flash-overs, resistance should be inserted in the direct- 
current leads near the converter. 

‘ A MOTOR-CONVERTER is a concatenated arrangement of 
a low-speed induction motor (with a wound rotor) mounted on 
the same shaft with the converter. The stator windings of the 
induction motor are connected to the line. The rotor windings 
are tapped .directly to the armature windings of the converter. 
This arrangement has the advantage of enabling the converter 
to operate on a frequency of half that of the line, and results in 
a greater stability. 

A CONVERTER IS SAID TO BE INVERTED when it is 
receiving direct-current power and delivering "alternating 
current. This use is sometimes resorted to when a power 
station is called upon to deliver direct-current power to a local 
district and at the same time to supply power to distant con- 
sumers. An inverted converter acts like a shunt motor. It is 
difficult, therefore, to maintain the speed of the converter con- 
stant and the frequency steady. A leading current strengthens 
the fields and causes a decrease in the speed. A lagging 
current may weaken the field to such an extent that the increase 
in speed is likely to burst the armature. 

A SPEED LIMITING DEVICE is therefore installed which 
disconnects the converter from the line as the speed approaches 
the danger point. 

CONVERTERS ARE OPERATED IN PARALLEL under the 
same conditions as direct-current generators. Mqre factors, 
however, enter in to disturb the distribution of the load among 
the paralleled machines. When converters are run in parallel on 
both the direct-current and the alternating-current sides, each 
transformer should take its power from a separate bank of 
transformers. The characteristics of the converters should be 
suitdd to the nature of the load. 

THE MECHANICAL STRUCTURE OF CONVERTERS is 
much lighter than that of a motor or of a generator handling the 
same amount of power, because the transfer of energy takes 
place in the conductors, not having to go through the process of 
being changed into mechanical energy. 

IN THE DOBROWOLSKY THREE-WIRE DIRECT-CUR- 
RENT GENERATOR one or more balancer coils of low resist- 
ance and high reactance are connected diametrally to the arma- 
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tore windings through collector-rings. The third wire is brought 
to the middle points of these coils which are of the same potential 
as the neutral point of the armature windings. The direct ciirrent 
from the neutral wire can flow through the balanber coils because 
of the low resistance, but the alternating e.m.f. induced in 
armature windings between the taps is able to force only a very 
small exciting current through the balancer coils on accountof 
the high reactance. 

RECTIFIERS ARE USED TO CONVERT small amounts of 
alternating-current power to direct-current powpr. The com- 
mon types are: 

(a) The mercury arc, 

(b) The electrolytic, 

(c) The vibrating. 

THE lyiERCURY ARC RECTIFIER is the most common 
type, and is used generally for charging storage batteries and 
operating direct-current arc lights. The glass tube containing 
a small amount of mercury is exhausted to a very low pressure. 
The passage of an electric spark through the tube vaporizes 
some of the mercury and allows the passage of a current in one 
direction only through the tube, when an alternating voltage is 
impressed upon its terminals. Almost no reverse current will 
dlow as long as a good vacuum is maintained. Thus, by 
its use, a direct current (but of a fluctuating nature) may be 
obtained from an alternating-current source of supply. The 
voltage drop across the tubes is constant, being 14 volts in one 
type and 20 volts in the other. Thus the efficiency depends 
entirely upon the voltage at which the tubes are operating. The 
efficiency of tube and transformer- usually ranges from 80 per 
cent to 98 per cent. The power-factor is about 90 per cent. 
The regulation is excellent and the life indefinite, if run at a low 
temperature. The common glass tube has a maximum capacity 
of 30 amperes and a minimum of 0 amperes. The capacity of 
steel tubes runs as high as 300 amperes. They can be built to 
run on any voltage and be adapted to either constant-current or 
constant-voltage operation. 

ELECTROLYTIC RECTIFIERS, commonly made by im- 
mersing plates of lead and plates of aluminum in ammonium 
sulphate, are sometimes used to rectify small currents (as 
high as ten amperes). The cell offers a high resistance to the 
flow of a current from the aluminum through the electrolyte to 
the lead, but a low resistance to the passage of a current in the 
opposite direction. The efficiency is about 30 per cent when the 
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temperature is below 30° C. The temperature can be kept low 
if not s more than £ ampere per square inch of aluminum plate 
area is rectified. 

IN A VIBRATING RECTIFIER an electromagnetic reversing 
switch is operated by the alternating current, so that it reverses 
the alternating-current connections to a given pair of terminals 
in . synchronism with the alternations of the e.m.f. Thus the 
terminals are maintained always at the same polarity. The 
common type will supply from three to eight amperes. 

THE DIRECT CURRENT DELIVERED BY RECTIFIERS 
DIFFERS from that delivered by synchronous converters 
mainly in that it always pulsates more or less, while the current 
from a converter is always steady. Rectifiers are therefore not 
suitable for supplying current to inductive circuits. 



PROBLEMS ON CHAPTER IX 


Prob. 38-9. The following data are reported in the Electric 
Journal, Vol. IX, page 609. In a pipe and tube plant at Etna, Pa., 
the average power-factor of the load on the generators was 0.52 
lagging. A motor-generator converter was added having a 1000- 
kv-a. synchronous motor. When this set is rumyng at full load 
with 0.209 power-factor leading, the power-factor* of the main 
generator becomes 98 per cent. 

(а) What was the total kilovolt-ampere output of the generators 
before the motor-generator converter was added? 

(б) Wlyit was the effective power output of the generator before 
the converter was added? 

Prob. 39-9. After the motor-generator converter of Prob. 38 
was added to the plant: 

(a) What was the apparent output (kv-a.) of the generators? 

(b) What was the effective power output (kw.) of the gener- 
ators? 

Prob. 40-9. At an efficiency of 82 per cent for the motor- 
generator converter of Prob. 38, what direct-current power was 
delivered by the set? 

Prob. 41-9. The transformers in Fig. 355 are diametrally 
connected to the six-ring converter. 

(a) What is the voltage between adjacent rings? 

(b) What is the voltage ratio of Jlje transformers? 

(c) Taps are brought out to three auxiliary bus-bars. What is 
the voltage between these auxiliary bus-bars when the converter is 
running? 

(d) What is the phase-difference between the voltage of the 
auxiliary bus-bars in (c) and the secondary voltage of the trans- 
formers? 

(e) What is the voltage of the auxiliary bus-bars whfcn the 
switches a, b and c are open? (From the Electric Journal, June, 
1911.) 

Prob. 42-9. (a) In Fig. 312, what is the phase angle between 
the induced e.m.f. in part aci of the armature and the impressed 
voltage of coil Ci? 

(5) What is the phase angle between the induced e.m.f. of oci 
and the impressed voltage of coil ft? 
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formers. Auxiliary bus-bars are tapped to every other ring. 

(c) From parts (a) and (6) of the problem determine the phase 
angle between the voltage of transformer C and transformer B. 
Does it check with the three-phase relation? 

Prob. 43-9. Fig. 356 shows three transformers delta-connected 
to a three-phase transmission line and interconnected-star to a three- 
ring converter. This arrangement is common practice in conver- 
sion for a three-wire direct-current system. 
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If the direct voltage to neutral is 110 volts at full load and the 
transformers have a voltage ratio of 10 to 1 with the secondaries 
in series, find: * 

(a) Voltage between tapping points on the converter. 

(b) Voltage across each secondary coil of the transformers. . 

(c) Voltage from tapping points on converter to neutral. • 

(d) Voltage between alternating-current mains. 


8-Phase A.C. 



Fia. 350. Diagram of a converter with the taps brought out to the 
transformer secondaries which have an interconnected-star arrange- 
ment for the purpose of furnishing a neutral for the three-wire 
direct-current system. 

Prob. 44-9. With converter of Prob. 43 running at unity power- . 
factor, the efficiency is 90 per cent when 500 amperes are being 
delivered at the direct-current brushes. 

(a) On this balanced load, what power is each . transformer 
delivering? 

(b) What is the phase angle between the current and the im- 
pressed voltage of each coil? 

(c) What current flows in each secondary coil of the transformers? 
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Prob. 45-9. Connect to a 6-ring converter the doublc-tcc con- 
nection of transformers shown in Fig 
357. 

Prob. 46-9. A power customer has 
to make a choice from the two equip- 
ments enumerated below. Either will 
serve his purpose equally. Data from 
Elec. Journal, Apr., 1915. 

(I) Rotary converter — 300 kw., 3- 
phase, 60-cyclc, 275 volts, direct-current, 
compound-wound, 900 r.p.m., self-start- 
ing from a-c. side with three 110 kv-a. 
transformers, 2300/170 — 85 volts, at 
from $4280 to $4350. 

(II) Synchronous motor — 350 kv-a., 
3-phase, 60-cycle, 2300 volts, rotating 
field, direct-connected to 300 kw. — 275 
volts, commutating pole, compound- 

wound, direct-current generator, 900 r.p.m. and direct-connected 
exciter, at from $4650 to $4895. 


Efficiencies of Equipments 


At per cent load (kv-a.) . . . 

50 

75 

100 

125 

Converter 

88.9 

91.8 



Transformers 

97.0 

97.6 



Motor-generator 

82.4 

86 





connected in double-tee. 
The percentage of turns 
in each branch is indi- 
cated by the numbers on 
the coils. 


What percentage saving is made on the investment if Equipment 
I is chosen? 

Prob. 47-9. The load-factor for the equipments in Prob. 46 
would be about 20 per cent and the average load would be 50 per 
cent throughout 250 days of 9 hours each. Cost of electrical 
energy *is lj cents per kw-hr. 

(а) Compute the yearly saving in power cost based on average 
load, if converter is used. 

(б) What is the yearly saving as a percentage of investment? 
Prob. 48-9. The resistance of a converter line and transformers 

is 10 per cent. Unity power-factor is desired at one-half load. 
Other specifications are as in Example 7. What inductive re- 
actance should be used* in order to produce practically fiat-com- 
pounding from no load to full load? 
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NATURAL SINES, COSINES, TANGENTS AND 
COTANGENTS 

0° to 3° 4° to 10° 


sin sos tan cot I sin oos 9 tan oot 



87° to 90‘ 
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Table II 


1 cu. ft. of water weighs 62.5 lb. 

1 horse power — 33,000 ft. lb. per minute, 

1 kilowatt = 1.34 horse power. 

1 B.t.u. - 780 ft. lb. 

1 cu. in. of copper weighs 0.3195 lb. 

1 cu. in. of aluminum weighs 0.0963 lb. 

1 cu. ft. of | | anthracite coal weighs approx, j ^ }£* 

1 cu. ft. of | broken | bituminous coal weighs approx. 

1 barrel of crude oil = 41 gal. = 310 lb. 

1 ton = 2000 lb. 

Resistance per mil-foot of copper at 20° C. . . 10.371 ohms. 


Temperature Coefficients of Resistance* 



At 0° C. 

At 20° C. 

Commercial Copper 

Commercial Aluminum .... 

0.00427 ' 
... * 

0.00393 

0.0039 


* Circular of the Bureau of Standards, No, 31. 
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TABLE II 

Properties of Aluminum Wire 
• Aluminum Cables 

The commercial sizes of stranded aluminum cables, made by the 
Al uminum Company of .America, are not even circular mil and 
B.,& # 8. sizes, but are of such cross sections as to give the same 
conductivity as even circular mil and B. & S. sizes of copper cables 
of 97 per cent conductivity. In the following table the first four 
columns are taken from a pamphlet entitled “ Instructions for In- 
stallation and Maintenance of Aluminum Electrical Conductors/’ 
issued by the Aluminum Company of America in 1914. 



B. A S. gage or 

circular mils. 

Copper (97 
per cent) 
equivalent. 

Aluminum I 
61 per cent. 

6 

41,740 

5 

52,630 

4 

66,370 

3 

83,640 

2 

105,530 

1 

133,220 

0 

167,800 

00 

211,950 

000 




... Ohms per mile at Weight in pound* 

etcwof 200 C ’ or 680 F * Per mile. 

bare 

cable. 

inches. Solid. ^trended. Solid. Stranded. 


2.147 

1.703 

1.350 

1.071 

0.8486 

0.6720 

0.5342 

0.4229 

0.3360 

0.2067 


J2 

£*5 

LljJJ 


795,000 1 37 
874,500 1 37 
37 

1.033.500 37 

1.113.000 37 

1.192.500 37 

1.272.000 61 

1.351.500 61 

1.431.000 61 
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TABLE III 


(From American Handbook for Electrical Engineers) 

00-Cycle Reactance of Solid Non-magneAc Wires* 

Ohms per Mile of Each Wire of a Single-phase or of a Symmetrical 
Three-phase Lino, 
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■ TABLE IV 

(American Handbook for Etectrioal Engineers) 

Capacitance to Neutral* op Smooth Round Wires 

* 

Microfarads per Mile of Each Wire of a Single-phase or of a 
Symmetrical Three-phase Line 



* The capacitance between wires equals one-half the values given in this table. 
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TABLE V 

60-Cycle Charging Current in Line op Smooth Round Wires 
(Adapted from Amerioan Handbook for Electrical Engineers) 

Charging current on each line wire , in amperes per mile = (< current from 


table) X 


{volts to neutral) 

1 , 000,000 
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TABLE VI 

Capacitance to Neutral ♦ of Standard Strands 
(A merican Handbook for Electrical Engineers) 

Microfarads per Mile of each Conductor of a Single-phase or of a 
Symmetrical Three-phase Line 
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TABLE VII 


60 -Cycle Charging Current in Line or Standard Strands 

(Adapted from American Handbook for Electrical Engineers) 

Charging current on each line wire , in amperes per mile = ( current from 


table) X 


(volts to neutral) 
1 , 000,000 


Approximate Amperes in Each Wire of One-mile l^ine for Each 
1,000,000 volts to neutral 


Diam. 
of strand, 
inches. 


Inches between cables, center to center. 


1 3 I 6 9 12 


18 


24 


80 


000 
000 
000 
000 
000 
0000 
000 
00 
0 
1 
2 
4 
6 


1.152 

0.998 

0*814 

0.681 

0.575 

0.528 

0.470 

0.418 

0.373 

0.332 

0.292 

0.232 

0.184 


50.5 


26.9 

24.3 

22.2 

20.5 

19.1 

17.7 

15.7 

14.2 


20.9 
19.1 

17.0 

15.6 
14.4 

13.9 
13.3 

12.7 

12.1 
11.6 
11.2 
10. 1 

9.65 


14.4 

13.6 

12.6 
11.8 
11.1 
10.8 

10.4 

10.0 

9.73 

9.39 

9.09 

8.56 

8.07 


12.3 

n.i 

11.6 


10.9 


10.3 

9.46 

9.80 

9.05 

9.54 

8.82 

9.24 

8.56 

8.97 

8.33 

8.71 

8.07 

8.44 

7.88 

8.18 

7.65 

7.73 

7.28 

7.35 

6.94 


9.80 

9.39 

8.90 

8.48 

8.14 

7.99 

7.77 

7.58 


7.01 

6.67 

6.37 


9.05 

8. 

8.71 

8. 

8.26 

7. 

7.92 

7. 

7.62 

7. 

7.46 

7. 

7.28 

6. 

7.13 

Kg 

6.94 

Bfl 

6.79 

BS 

6.60 

IS 

6.33 

■x 

nm 

*• 


Size of 
cable, 
C.M. or 
A.W.G. 


1 , 000,000 

750.000 

500.000 

350.000 

250.000 
0000 

000 

00 

0 

1 

2 

4 

6 


Feet between cables, center to center. 


3 I 

4 

5 

6 . 

, 8 

10 

15 

20 

25 

8.14 

7.62 

7.28 

6.97 

6.60 

6.33 

BP 

5.58 

5.39 

7.88 

7.39 

7.05 

6.79 

6.41 

6.15 


6.47 

5.28 

7.54 


6.75 

6.52 

6.18 

5.92 

■Mi 

5.28 

5.09 

7.24 

6.82 

6.52 

6.30 

5.99 

5.77 

■IFF 

5.13 

4.98 

6.97 


6.33 

6.11 

5.81 

5.58 

■ If: 

5.01 

4.86 

6.86 

6.48 

6.22 

6.03 

5.73 

6.50 

5.16 

4.94 

4.79 

6.71 

6.33 

6.07 

5.88 

5.62 

5.39 

5.09 

4.86 

4.71 

6.56 

6.22 

5.96 

5.77 

5.50 

5.32 

4.98 

4.79 1 

4.64 

6.40 

6.07 

6.84 

5.66 

5.39 

5.20 

4.90 

4.71 

4.56 

6.26 

5.96 

6.73 

5.54 

5.32 

5.13 

4.83 

4.64 

4.49 

6.11 

5.81 

5.62 

5.43 

5.20 

6.01 

4.75 

4.56 

4.41 

5.88 

5.58 

5.39 

5.24 

5.01 

4.86 

4.60 

4.41 

4.80 

5.66 

5.39 

5.20 

5.05 

4.86 

4.71 

4.45 

4.30 

4.18 


For 25 oycies the charging current equals gg or 0.417 of the values in this table. 
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ALTERNATING-CURRENT ELECTRICITY 


TABLE VIII 

Hemp-Center Copper Cable { 


Made of 6 wires around a hemp center 
( The American Brass Co.) 


Size of cable, 

A.W.G. 

Diameter of wire, 
inch. 

Outside diameter, 
inch. 

0000 

0.1879 

0.564 

000 

0.1672 

0.502 

00 

0.1489 

0.447 

0 

0.1326 

0.398 

1 

0.1181 

0.354 

2 

0.1052 

0.316 

3 

0.0937 

0.281 

4 

0.0835 

0.250 


' Standard Handbook for Electrical Engineers. 
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8’ ff 8 9 8 8 8 8 8 § gf § fif g 

Volta between Wires. 

Curve /, Appendix B. Spacing of conductors for spans up to 200 ft. 
From Still’s “ Overhead Electric Power Transmission.” 
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A 

Aging of transformer steel, 147 
Air-blast type of transformer, 123 
Air-gap, effect of in induction 
motor, 481 

Alternators, advantage of high 
efficiency ill, 9 
armature reaction, 24, 28 
calculation of regulation, 45 
causes of unsteady voltage, 23 
effect of armature reactance on 
terminal voltage of, 25 
effect of loading, 2 
effect of load on voltage of, 19 
effects of unsteady voltage, 22 
excitation of, 54 
features of, a buyer should con- 
sider, 1 
heating, 2 

load capacity of, 55 
losses in typical, 11 
performance of, 1 
regulation and control of, 1 
relation of load to efficiency 
of, 10 

short circuits in, 58 
synchronous impedance, 43 
synchronous reactance, 43 
tests of efficiency of typical, 18 
usual values of power-factor 
of, 20 

voltage regulation of, 19 
Alternators, paralleled, leading 
currents in, 110 

Alternators, polyphase, armature 
reaction in, 40 


Alternators in parallel, 72 • 
disconnecting from bus-bars, *108 
distribution of load, 98, 102 
frequency, control of, 107 
governing speecl of, 102 
phantom load, 87 
power-factor of, 105 
sharing of load, 74 
similar to direct-current gener- 
ators in parallel, 73 
synchronizing currents, 87 
synchronizing of, 78 
synchronizing power, 92 
voltage, control of, 107 
Aluminum-cell lightning arrester, 
409 

Aluminum-cell rectifier, 685 
Armature current of synchronous 
motor, 542 

Armature reactance, effect of on 
regulation of alternator, 25 
Armature reaction, 28 
.Armature reaction, effect on main 
field, 26 

Armature reaction in alternators, 
24 

Armature reaction in polyphase 
alternators, 40 
Asychronous generator, 491 
Asynchronous motors, 427 
Auto-transformers, 225 

B 

Balancer-coil for Dobrowolsky 
generator, 676 
Banking transformers, 199 
717 
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Banks of transformers, parallel 
connection of three-phase, 262 

Big fiend -Oaklapd transmis- 
sion line, 362 

Binding of two electric charges, 369 

B mt flux density in transformers, 

.lft 

Booster, synchronous, 639 

Bracing of windings of alter- 
nators, 59 • 

Break-down point of induction 
motor, 466 

Brush-raising device, 664 
C 

Gables, overhead, capacitance of, 
374 

Capacitance, of long transmission 
line, 362 

of overhead cables, 374 
of underground cables, 404 
to ground, 371 
to neutral, 376 

Capacity (electrostatic), bco 
Capacitance 

Capacity, of alternators, 55 
of six-ring converter, 632 
of three-ring converter, 628 
relative, of two-ring, three-ring 
and six-ring converters, 621 

Capacity reactance, 362 

of long transmission lines, 381, 
383 

Cascade arrangement of induction 
motors, 488 

Charging current, 364, 379, 381 
effect of e.m.f. of non-sine wave- 
form on, 390 

Choke coils, 407 

Circle diagram for induction 
motors, 497 

for synchronous motors, 559 


Circular field of induction motors, 
508 

Commuting poles on converters, 
659 

Compensating winding in series 
motors, 525 

Compensator, line drop, 348 
starting, for polyphase induc- 
tion motor, 454 

Compensator type of feeder volt- 
age regulator, 281 
Compound-wound converters, 647 
Concatenation of ‘arrangement of 
induction motors, 488 
Condensers, 365 
capacity of, 373 
in series, 373 
in parallel, 372 

effect of alternating voltage on, 
379 

synchronous, 109, 567 
Condenser type of transformer 
terminal, 126 

Constant-current transformer, 173, 
290 

Constant losses in alternator, 12 
Constant-potential transformer, 
172 

Constant voltage regulation by 
synchronous reactors, 570 
Contact-making voltmeter, 348 
Control of converter voltage, 637 
Converter, synchronous, 586, 587 
brush-raising device on, 664 
capacity of six-ring, 632 
capacity of three-ring, 628 
commutating poles in, 659 
compound-wound, 647 
control of direct voltage, 637 
current ratios in, 604 
damping grids, 661 
diametral connections to six- 
ring, 607 
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Converter, double-delta connec- 
tion, 612 
efficiency, 676 
end-plan device, 667 
equalizer connections on, 666 
field-break-up s\ytch on, 663 
heating in, 621 
hunting in, 660 
induction motor effect, 661 
inverted, 602, 671 
losses in, 675 
mechanical structure, 675 
motor and generator actions in, 
618 

overload, 634 

parallel operation of, 673 

rating of, 634 

ratio of direct e.m.f. to alter- 
nating c.m.f., 594 
regulation, 635 
regulating pole, 640 
relative capacities of two-, three- 
and six-ring, 621 
rotary (see Converter, synchro- 
nous) 

six-phase, 597 

six-phase on three-phase sys- 
tems, 607 
split pole, 640 
starting, 661 
three-phase, 597 
versus motor-generator, 588 
Cooling of transformers, 121 
Cooling vanes on rotor, 4 
Copper losses in transformers, 
146 

method of measuring, 147 
Core-loss current, 135 
Core losses in alternators, 13 
Core loss of transformer, 144 
method of measuring, 147 
Corona, loss, 410 
critical voltage, 410 


Counter e.m.f. of synchronous 
motor, 542 

Critical voltagQ (corona), 410 
Current, charging, 364, 379, 381 
Current-limiting reactance coils, 59 
Current of induction motor, when 
starting, 457 * . 

when loaded, 463 
Current ratios in converter, 604 
Current surges, 495 

D 

Damping grids in synchronous 
motors, 577 

Damping grids on converters, 660 
Delta-delta connection of trans- 
formers, 236 

Delta-star connection of trans- 
formers, 235 

Diametral connection of trans- 
formers to converters, 246, 607 
Dielectric, 366 
Dielectric power, 405 
Disconnecting alternators from 
bus-bars, 108 

Disruptive critical voltage 
(corona), 410 
“Distributing lines, 323 
Distributing transformers, 152 
Distribution of load, on paralleled 
alternators, 98, 102 
not controlled by field excita- 
tion, 105 

Dobrowolsky direct-current gen- 
erator, 675 

Double-delta connection of trans- 
formers to converter, 246 
Double-star connection of trans- 
formers, 233 

Double-tee connection of trans- 
formers to six-ring converter, 
702 
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E 

Economy versus efficiency, 15 
Eddy-current loss in transformers, 
145 

Effective resistance of armature 
'of alternator, 24 

Efficiencies of typical alternators, 
18 

Efficiency, advantage of high, 9 
affected by economy, 15 
of converters, 675 
relation of load to, 10 
what good efficiency is, 15 
Electricity, theory of, 368 
Electrified bodies, forces between, 
369 

Electrolytic rectifier, 685 
End-play device on converter, 667 
Equalizer connections on con- 
verters, 666 
Equalizer rheostats, 55 
Equivalent harmonic, 137 
impedance drop, 181 
reactance drop, 181 
resistance drop, 181 
resistance and reactance, 176 
Excitation for alternators, 54 
Exciting current of transformer,. 
134 

effect of over-voltage on, 160 
F 

Farad, 365 
Feeders 72 

Feeder voltage regulators, 280, 348 
automatic, 285 
compensator type, 281 
induction type, 281 
Field-break-up switch, 663 
Field excitation governs power- 
factor of alternators in 
parallel, 105 


Field strength, effect of in syn- 
chronous motor, 55Q 
most economical, 553 
V-curvee of, 553 
Fifth harmonic, 392 
Fixed charge^ on transmission 
line, 326 

Flashing at brushes of converters, 
668 

Fluctuating load, effect of on 
capacity of alternator, 4 
Flux density (£ m ), importance 
of, 139 

clfect of frequency upon, 141 
effect of voltage upon, 141 
Flux in transformer varies accord- 
ing to sine law, 131 
Frequency changer, induction 
motor, 494 

Frequency, choice of, 324 

effect of wrong frequency on in- 
duction motor, 483 
of alternators, control of, 107 
standard, 324 

Friction and windage losses, 13 
Fundamental' harmonic, 392 

G 

Generator action in converters, 618 
Generator, induction, 4$1 
Governing of alternator’s speed, 
102 

Governor, speed regulation, 102 
Grids, damping,- in synchronous 
motors, 571 

Grids, damping, on converters, 660 
Grounding of switchboard in- 
struments, 297 

H 

Harmonic, equivalent, 137 
fundamental, 392 
' minor, 392 
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Heating of alternators, A.I.E.E. 
rules, 6 

Heating of alternators, 2 
Heating of converter, 621 
Heating of transformers, 122 
Horn gap, 407 

Hot spots in transformer coils, 122 
Hunting, in converters, 660 
inaparalleled alternators, 94 
of synchronous motors, 677 
Hysteresis current of transformer, 
134 

Hysteresis loss in transformers, 
122, 134, 144 


Impedance drop, equivalent, 181 
effect of unequal, 214 
expressed in percentage, 184 
of transformer, 176 
, of transformers connected in 
parallel, 175 

ratio of paralleled transformers, 
202 

short circuit test for, 182 
synchronous, 43 
Induction generator, 491 
Induction ngotor, effect of air gap, 
481 

effect of rotor resistance, 473 
effect of wrong frequency, 483 
effect of wrong voltage, 483 
effect in synchronous con- 
verters, 661 

loaded characteristics of, 463 
magnetic leakage, 465 
performance curves, 467 
pull-out torque, 466 
speed-torque curve, 464 
Induction motor, polyphase, as 
frequency changer, 494 
as induction generator, 491 


Induction motor, polyphase, con- 
struction of, 429 
circle diagramf 497 
in cascade, 488 
rotating field of, 440 
slip of, 434 . * 

speed control of, 486 
starting characteristics, 446 
starting compensator for, 454 
starting torque, ^52 
synchronous speed of, 433 
theory of, 432 

Induction motor, single-phase, cir- 
cular field, 506 
methods of starting, 510 
shading coil, 512 

Induction regulator with con- 
verter, 639 

Induction type of feeder voltage 
regulator, 281 

Instrument transformers, 298 

Insulation of transformer wind- 
ings, 141 

Interleaved transformer coils, 166 

Inverted converter, 602, 611 

Iron core loss in transformers, 122 

Iron losses in transformers, 144, 
149 

Irregular wave forms of e.m.f., 
effect of on charging cur- 
rent, 390 

K 

Knee of saturation curve, 1$6 


Laminations in transformer core, 
thickness of, 146 

Leading currents in paralleled 
alternators, 110 

Leakage (magnetic) in induction 
motor, 465 
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Leakage reactance, of trans- 
former, 164 
fluxes, 165 • 

Lena’ law for transformer in- 
duction/ 129 
Lightning arresters, 406 
• aluminum arrester, 409 
Lightning discharges, effect of on 
line, 405 

Lightning protection, 407 
Line drop compensators, 348 
Line regulation, 332 
Load capacity of alternators, 55 
Load component of transformer 
current, 132 

Load curve for central station, 331 
Load distribution, on paralleled 
alternators, 78, 102 
not controlled by field exci- 
tation, 105 
Load factor, 143 

Load, maximum of synchronous 
motor, 547 

Load voltage, how to compute, 345 
Long transmission lines, 362 
regulation of, 400 
Losses in alternators, 11 
Losses in converters, 675 

M 

Magnetic field rotating, 440 
Magnetic leakage in induction 
motor, 465 

Magnetic power component of 
transformer current, 134 
Magnetic separators, in repulsion 
motor, 519 

Magnetizing current of trans- 
former, 130 

Mechanical forces in transformer 
coils, 175 1 

Mechanical structure of con- 
verters, 675 


Mesh connection of transformer, 
240 

Mercury-arc rectifier, 679 
efficiency of, 684 
rating of, 683 
three-phase operation, 683 
wave-form of direct current 
from, 681 
Microfarad, 365 

Midcoil, heating of, in converter, 
621 

Minor harmonic, 392 
third harmonic, 392 
fifth harmonic, 392 _ 

Motor action in converters, 618 
Motor-converter, 669 
Motor-generator converter, 586 
Motors, asynchronous, 427 
polyphase induction, 429 • 
scries, 521 

compensating winding, 525 
reactance leads in, 528 
resistance leads in, 528 
synchronous, 108 

armature .current of, 542 
as condensers, 567 
as phase modifiers, 567 
as voltage regulators, 570 
circle diagram for, 557 
counter e.m.f. of, 542 
damping grids in, 577 
effect of field strength, 550 
hunting of, 577 
maximum load of, 547 
most economical field strength 
of, 553 

running torque of, 541 
speed of, 541 
starting, 579 
structure of, 541 
synchronous position of, 542 
V-curves for, 553 
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Non-aging of silicon steel, 147 
O 

Oil ducts in transformers, 122 
Oil in transformers, 122 
Oil-switch, 62 

Opqj^-delta connection of trans- 
formers, 258 

Oscillations of current, 405 
Output of alternators limited by 
temperature rise, 4 
Overhead cables, capacitance of, 
374 . 

Overload, rating of converters, 634 
Over-voltage, effect of on trans- 
formers, 156 

P 

Parallel connection of transform- 
ers, 175 

Paralleling transformers, proper 
conditions for, 201 
unequal impedance ratios, 214 
unequal ratios of, 206 
unequal reactance ratios, 218 
Parallel operation of alternators, 
72 

lamp synchroscope, 80 
sharing of load, 74 
synchronizing, 78 
Parallel operation of converters, 
673 

Peak load, 154 

Percentage method of expressing 
impedance, resistance, re- 
actance, etc., 184 
Performance curves of induction 
motor, 467 

Performance of generators, 1 
Performance of induction motors 
from circle diagram, 497 


Phantom load on alternators, 87 
Phase-modifiers, 567 
Phase relations between flux and 
induced e.m.f. in transformer, 
129 

Pipes, cooling (of a transformer), 
123 

Polarity, of paralleled trans- 
formers, 201, 203 
A.I.E.E. rules for marking, 203 
determination of, 204 
Poles, commutating, on convert- 
ers, 656 

Polyphase alternators, armature 
reaction in, 40 

Polyphase connections of trans- 
formers, 199, 231 
possible combinations for three- 
phase, 232 

Polyphase induction motor, con- 
struction of, 429 
in cascade, 488 
spew! control of, 486 
Power capacity of transformers, 
122 

Power-factor effect of power- 
factor of load on voltage of 
alternator, 19 

Power-factor, effect on regulation 
of transformer, 170 
effect on regulation of alterna- 
tors, 20 

Power-factor of alternators in 
parallel controlled by field 
excitation, 105 * 

Power-factor of induction motor, 
when starting, 457 
when loaded, 463 
Power-factor, usual value of, on 
alternators, 20 
Power, synchronizing, 92 
Practical vector diagram for trans- 
formers, 168 
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Primary coils of transformer, 121, 
.126 

Pull-out torque of induction 
motor, 466 

rotor resistance effect on, 478 
Palpation of converter, direct- 
voltage, 636 

R 

Rating of converters, 634 
Ratio of a transformer, 127 
Ratio (turn) of transformer, 187 
Reactance (armature), effect of on 
terminal voltage of alter- 
nator, 25 

Reactance, capacity, 362 
Reactance coils, current limiting, 59 
Reactance, equivalent, 176 
Reactance leads in series motors, 
528 

Reactance, leakage, 164 
Reactance ratios of paralleled 
transformers, 202 
effect of unequal ratios, 218 
Reactance, series in armature, 94 
Reactance, series with converter, 
647 

Reactance, synchronous, 43 
Reaction, armature, in alterna- 
tors, 24 

Reactors, synchronous, 570 
Rectifiers, 586, 679 
electrolytic, 685 
fuifction of, 120 
mercury-arc, 679 
three-phase operation, 682 
wave-form of direct-current, 681 
Regulating pole in converter, 640 
Regulation, constant by syn- 
chronous reactors, 570 
in short transmission line, unity 
power-factor, 332 


Regulation, less than unity power- 
factor, 335 

Regulation of alternators, A.I.E.E. 
rule for, 47 
automatic, 53 

poor to limit short-circuit cur- 
rents, 59 

synchronous impedance method, 
45 

Regulation, effect of power-factor 
on, 170 

of generators, 1 
of long transmission line, 400 
of transformer, A.l.E.E. rules, 
186 

of three-phase line, 341 
of three-phase line with delta- 
connected load, 344 
of transformer voltage, 164, 166 
importance of, 172 
Regulation, voltage of alternators, 
19 

of converters, 635 
Regulators, feeder voltage, 280, 
348 

compensator type, 281 
induction type, 281 
Regulator, induction, with con- 
verter, 639 
Relay, 62 

Repulsion motor, for starting of 
single-phase induction motors, 
512 

Repulsion motor, 514 
magnetic separators, 519 
operating characteristics, 517 
Resistance (effective) of armature 
of alternator, 24 
Resistance, equivalent, 176 
Resistance leads in series motor, 
428 

Rise in voltage at end of long un- 
loaded line, 398 
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Rotary converter, see Converter, 
synchronous 

Rotating magnetic field, 440 
Rotor of induction motor, 429 
squirrel-cage, 431 
wound rotor, 431 
Rotor resistance of induction 
motor, effect of, 473 
effect on starting torque, 456 

S 

Saturation curve, 136 
Scott transformer, 249 
current relations in, 254 
Secondary coils of transformer, 
121, 126 

Series motor, 521 

compensating winding, 525 
reaetance leads in, 528 
resistance leads in, 528 
Series reactance in armature, 94 
•Series transformers, 298 
for lighting circuits, 308 
impedance of secondary circuit 
of, 303 

Shading coil for single-phase in- 
duction motors, 512 
Shell type of three-phase trans- 
formers, 275 

Short circuits, on alternators, 58 
limited by reactance coils, 59 
Short-circuit test for impedance 
of transformers, 182 
Short transmission lines, 323 
Silicon steel for transformers, 145 
non-aging of, 147 
Single-phase induction motor, 506 
circular field, 508 
methods of starting, 510 
repulsion motor, 512, 514 
shading coil, 512 
split-phaset. 511 


Six-phase converter, 597 
on three-phase systems, 607 
Six-phase from tjiree-phase, 237 
diametral connection to con- 
verters, 246 

mesh connection of transform- 
ers, 240 

Six-ring converters, capacity of, 
632 

connected to transformers con- 
nected doublc-tce, 702 
connections of transformers to, 
246 

diametral connection, 607 
double-delta connection, 612 
relative capacity of, 621 
Size of wire, for three-phase line, 
338 

in transmission line, 323, 325 
Skin-effect of current, 24 
Slip, of induction motor, 434 
Speed control of polyphase in- 
duction motor, 486 
Speed of synchronous motor, 541 
Speed regulation of alternators in 
parallel, 102 

Speed-torque curve of induction 
motors, 464 

Split-phase starting of single- 
phase induction motors, 511 
Split-pole converter, 640 
Squirrel-cage rotor of induction 
motor, 431 

Squirrel-cage windings in synchro- 
nous motors, 577 , 

Star-star connection of trans- 
formers, 233 

Star connection of transformers 
from three-phase to six-phaso 
transformation, 240 
Starting characteristics of poly- 
phase induction motor, 446 
current, 457 
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Starting characteristics of poly- 
phase induction motor, power- 
factor, 467 
torque, 452 

Starting compensator for poly- 
- phase induction motor, 454 
Starting methods of single-phase 
induction motors, 510 
as repulsion motor, 512, 514 
shading coil, 612 
split-phase, 511 

Starting, of synchronous convert- 
ers, 661 

Starting of synchronous motors, 
579 

Starting torque of polyphase in- 
duction motors, 452 
Station transformers, 152 
Stator of motor, 429 
Substation transformer, 153 
Surges of current, 405 
Switch, field-break-up, 663 
Switching operations, effect of on 
line, 405 

Synchronizing currents, 87 
Synchronizing of paralleled alter- 
nators, 78 

Synchronizing power, 92 
Synchronous booster with c cfn- 
verter, 639 

Synchronous condenser, 109, 567 
Synchronous converters, see Con- 
verter, synchronous 
Synchronous impedance, of alter- 
nators, 43 

method of calculating regula- 
tion, 45 

Synchronous motor, 108 
armature current of, 542 
as condenser, 567 
as phase modifier, 567 
as voltage regulator, 570 
circle diagram for, 557 


Synchronous motor, counter e.m.f. 
of, 542 

damping grids in, 577 
effect of field strength, 550 
hunting of, 577 
maximum load of, 547 
most economical field strength 
of, 553 

running torque of, 541 
speed of, 541 
starting, 579 
structure of, 541 
synchronous position, 542 
V-curvcs for, 553 
Synchronous position in synchro- 
nous motor, 542 

Synchronous reactance of alter- 
nators) 43 

Synchronous reactors, 570 
Synchronous speed of induction 
motor, 433 
Synchroscope, 79 


Tap coil in converter, heating of, 
621 

T-connection of transformer, 249 
current relations in, 254 
Tee, double-tee connection of 
transformers to converter, 702 
Temperature, effect of on ma- 
terials, 3 

Terminals of transformer, method 
of bringing out, 126 
Theory of electricity, 368 
Third harmonic, 392 
Three-phase banks of transformers, 
parallel connection, 262 
Three-phase converter, 597 
Three-phase transmission line, cost 
of, 338 

Three-phase to six-phase trans- 
formation, 237 
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Three-phaae to six-phase trans- 
formation, diametral conncc- 
tion to converters, 246 
double-delta connection to con- 
verters, 246 

mesh connection to transform- 
ers, 240 

Three-phase to two-phase trans- 
former connection, 249 
opSh-delta, 258 
Scott connection, 249 
T-connection, 249 
Three-phase transformers, 272 
Three-phase transformer connec- 
tions, 3£>2 

Three-ring converter, capacity of, 
628 

relative capacity of, 621 
Three-wire generator, direct cur- 
rent, 675 

Tirrill voltage regulator, 54 
Torque of synchronous motor, 
* running, 541 
Transformer, air blast type, 123 
auto-, 225 
banking of, i99 
calculation of regulation, 186 
connections for three-phase to 
six-phase, 237 

diametral connections to 
transformer, 246 
double-delta connections to 
converters, 246 
mesh connection, 240 
star connection, 238 
connections for two-phase to 
three-phase systems, 249 
open-delta, 258 
Scott system, 249 
T-connection, 249 
connections to three-phase 
systems, 232 
YY, 233 


Transformer connections to three- 
phase systems, YA, 234 
AY, 235 
AA, 236 

constant-current, 173, 290 
instrument, 298 
series, 298 

constant-potential, 172 
cooling of, 121 
core-loss current,* 136 
distributing, 152 
double-tee connection to con- 
verters, 702 
efficiency, 120 
exciting current, 134 
function of, 120 

fundamental principles, 120, 126 
heating of, 122 
hysteresis current, 134 
impedance of, 176 
impedance of, in parallel, 175 
leakage reactance, 164 
losses and efficiency, 143 
losses of, 121 

magnetic power component of 
current, 134 

magnetizing current, 130 
oil-insulated, water-cooled, 124 
•cm wrong voltage, 156 
operation and polyphase con- 
nections, 199 

paralleling, proper conditions 
for, 201 

performance of typical, 149 
phase relations between * flux 
and induced e.m.f., 129 
primary coils, 121, 126 
ratio of, 127 
regulation, 120 
secondary coils, 121, 126 
short-circuit test for impedance 
of, 182 

station or power, 152 
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Transformer, structure of, 120 
substation, 153 
terminals of, 126 
three-phase, 272 
core-type, 273 
. shell-type, 275 
# tifm ratio of, 187 
value of B m in, 139 
voltage, effect of power-factor 
on, 170 # 

voltage regulation, 164 
Transmission, frequency of, 324 
Transmission line, fixed charges, 
326 

regulation, 332 

voltage drop in short line, 332 
yearly charges, 326 
Transmission line, long, 362 
capacity reactance of, 383 
rise in voltage at unloaded re- 
ceiving end, 398 
underground, 404 
Transmission line short, 323 
choice of alternating or direct 
voltage, 324 

most economical size of wire, 
323, 325 

single-phase, short, 323 , . 

voltage, choice of, 323 
Transmission line, three-phase, 
cost of, 338 
regulation, 341 
size of wire for, 338 
Turn ratio of a transformer, 
T87 

Two-phase to three-phase trans- 
former connection, 249 
open-delta, 258 
Scott connection 240 
T-connection, 249 
Two-ring converter, relative ca- 
pacity of, 621 


U 

Underground cables, 404 
Unequal voltage ratios in par- 
alleled transformers, 206 
Unsteady voltage, effects of, in 
alternators, 22 
causes of, 23 

V 

Variable losses in alternator, 12 
V-curves of synchronous motor, 
553 

Vibrating rectifier, 687 
Voltage, at load, hojv to com- 
pute, 345 

drop in short line, 332 
effect of wrong voltage on in- 
duction motor, 483 
of alternator affected by load, 
19 

, of alternators in parallel, 107 
of transmission line, 323 
-regulation of alternators, 19 
synchronous impedance 

m ethod, 45 

Voltage regulation of alternators, 
A.I.E.E. rule for, 45 
automatic, 53 

Voltage regulation, of* converters, 
635 

of transformers, 164, 165 
effect of power-factor on, 170 
Voltage regulator, 54 
Voltage regulator (feeder), 280 
automatic, 285 
compensator type, 281 
induction type, 281 
Voltage to neutral, 344 
Voltage, unsteady, effects of, in 
alternator, 22 
causes of in alternators, 23 
Voltmeter, contact-making, 349 
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W 

.Water-cooled transformers, 124 
Wave-forms, irregular c.m.f., effect 
of on charging current, 390 
fundamental harmonic, 392 
minor harmonic, 392 
Windings of alternators, bracing 
of, 59 

Wotmd rotor induction motor, 431 


Wound rotor induction motor, 
efficiency of, 471 
performnnce.curves of, 467 
Wrong voltage, effect of oper- 
ating transformers on, 156 

Y 

Yearly charges on transmission 
line, 326 







